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FOREWORD

The results of the GPS secondary payloads, Integrated Operational Nuclear
Deto..iatLon Detection System (IONDS) design analysis task, performed by Rockwell
International Space Operations/Integration and Satellite Systems Division for
the TTUL' Space and Missile Systems Organization under contract number
F04701-76-C-0216, are documented in this report. Much of the effort that led
to the results presented in this report originated with the IONDS legacy task
defined in contract amendment P00072 to GPS contract F04701-74-C-0527. The
report, published in two volumes (Volume I, GPS/IGS Design Analysis; and
Volume II, GPS Spacecraft Impacts), has also been selarized in the 'GPS
Secondary Payloads Executive Sumary Update," dated Feb. 20, 1978. The
GPS/IONDS interfaces developed through this effort are documented in:

* GPS Secondary Payloads RF Compatibility Test Report (SD 77-GP-0046)

s GPS Secondary Payloads IGS Component Integration Test Report
(SD 78-GP-0010)

* GPS Secondary Payloads Integrated System Test Report (SD 78-GP-0012-1)

The IONDS subsystem described in this report is the basic design tested on
the Engineering Test Vehicle (ETV). This GPS/IGS Design Analysis Report
sumnarizes the design and validation testing performed on the IGS payload to
demonstrate the projected capability of IGS and assure compatibility with GPS.
It is the culmination of several previous editions as draft copies for internal
program reviews and references. The report is intended to describe the
design/validation phase of the IGS program and therefore reflects the status of
the program as of September 1978. Subsequently, several changes have occurred
in the program, including incorporation of some of the recomended changes
containe4 in this report. Rowever, these changes are not part of the
design/validation phase of the program and were not described in this report.

The analysis and testing efforts for the above tasks were nanr•eed by
R.r. D%'usilio and J.A. Canaday. Technical direction was provided by
D.S. Hercadante. This report was compiled by E.J. Dryer and P.J. Berndsen,
with major contributions from R. Feldt, T.H. Moore, W.D. Eden, R.A. Gronlund,
A.C. Goo, F. Knovlden, and C.W. Huston. The radio astronomy analysis,
contained in the appendix, was prepared by Dr. L.O. Krause.

U.S. Air Force personnel who coordinated the tests included Lt. Col.
A.H. Hayden, Capts. U. iHatlelid. R. Leaaard, and B. Shelton, and
Lt. Marilyn Jovdy of SAM-SO.
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1. INTRODUCTION AND SUMMARY

1.1 INTRODUCTION

1.1.1 Background

Recent and projected changes in the nuclear posture of the major countries
of the world have significantly increased the requirements for timely nuclear
detonation (NUDET) surveillance. To fulfill these requirements the Department
of Defense and the U.S. Air Force initiated studies that led to the
establishment of the Integrated Operational NUDET Detection System (IONDS).

These studie- .,u, ;,sted that many of these detection and location
requirements ccutu 1e accomplished by inciuding a NUDET sensor on the Navstar
satellite since che successful development of the Navstar Global Positioning
System (GPS) had provided advancements in the state-of-the-art precision time
and frequency standards. The precision navigation capability provided by these
time and frequency standards through precise transit time measurements also
makes the iirplementatiou of a precise NUDET location system feasible. This,
plus the worldwide coverage afforded by the GPS satellites, makes the GPS an
ideal host for the NUDET surveillance mission.

Feasibility studies investigating the concept of implementing a global
burst detector (GBD) on the GPS satellite were performed by Rockwell and
subsequently verified by Ford Aerospace and Comunication Corporation, the IONDS
system engineering contractnr. Following these studies, the development of the
IONDS global segment (IGS) was initiated with Rockwell in mid-1916.
Subcontracts were awarded to ITT to develop the modified baseband/procesoor aud
the triplexer for the IGS, to Autonetics for the L3 transmitter aud L3 encoder,
and to Stanford Teleconmunicationa for a compatible test receiver. At the same
time Sandia Laboratories and Lot Alaaos Scientific Laboratory started
development of the sensors and processor that are govermu t-furniohed equipwent
(GFE) provided by the DepArtmeut of Energy (DOE).

The IONDS program was structured to provide an crderiy progression of
analysis and tests to validate the projected capability of the IGS and its
compatibility with the CPS satellite. A series of tests r4nging from component
acceptance tests through intetrated syseim functional tests was porformed
resulting in the evolution of an optimum hardware and system interface toward a
-flight tonfigurstion.

The data derived from this series of tests demonstrated that the system
zechahitation and hardware satisfied the IOND3 mission requirement. Further,
these tests demonstrated that these IONDS requirements can be achieved on the
GPS host vehicle without itroducing any deleterious effects on the prize GPS
navigal.ion mission. As a result, the USAF has directed that the IONDS subsys-tem
be incortoratt.d into and flovn on the Uavigation Development Satellite (NDS) 6
0CPS Mase I satellite..
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1.1.1.1 Objectives. The objectives of the program were as follows:

1. Develop IONDS hardware: Design, fabricate, and test each subsystem at
the box, subsystem, and integrated levels.

2. Develop GPS/IGS interfaces: Deign, fabricate, and test the box-level
interfaces and perfom a working interface test between the modified
GPO $'oxco enA the TGS hardware. This includes identifying and
resolving any conditicn that could potentially impact GPS operation.

3. Develop an IGS maturity: Provide an overall emphasis in the IONDS
program to develop maturity via detailed ground tests, part and
component selection, and design equivalent to that being achieved by
the SPS satellite in its Phase I program.

1.1.1.2 Crouud Rules. The following ground rules were established.

1. IONDS must be implemented without an impact on the navigation mission
as determined by measurements of navigation performance parameters that
can resolve system degradation within 1/4 dB.

2. IONDS implementation must result in minimum spacecraft modifications by
using a basic design approach that incorporates as much of the
interface design into the secondary payload (SPL) hardware as possible.

3. TONDS implementation must maintain the total satellite weight so that
it remains within the boost capability of the Atlas F.

1.1.2 Alternate Approaches

Various alternative concepts that tould accomplish the IONDS mission were
analyzed early in the program. Several of the more significant considerations
are sumpr•zed below.

1.1.2.1 Selection of the L3 Frequency for IONDS. Two L-band downlinks (L1
acd L2) have been implemented to provide -.asion data to GPF u4ers. These two
GPS data streams are diplexed together and transmitted frm a comnon L-band
antenna. To minimize the IONDS impact to the GPS system and to reduce the cost
and risk, a third i-band link (L3 ) was selected with its frequency located about
midway between the Ll and L½ frequencies. This frequency seltetion allows the
existing CPS L-baond antenna to b. used for IONDS data transmission. Further,
the selection of the L3 link peraits the use of the proven GPS L-baud RF link
approach and it* associated receiver technology for IONDS. The L3 frequency
selected was 1381.05 111. The choice was the result of a tradeoff analysis of
(1) L-band antenna pattern, (2) intemodulatioo interference, (3) triplexer
design. (4) ease of frequency synthesis, and (5) radio astronomy considerations.

The CPS spacecraft's L-band antenna %as designal to sat!fy equi:ements
imposed by the navigation mission on the Ll and Li dovnlinks. Terts have
verified that the &air and pattern coverage of this L-band antenna were
relatively constant between the designated Li and L2 frequencies. The selection
of the 1-3 frequency of 1381.05 Mz satisfied IONDS antenna performance

2
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rnqu'rements and other requirements imposed by such elements as frequency
synthesiE and intermodulation interference.

1.1.2.2 Radio Astronomy Interference. Two of the assigned radio astronomy
frequency bands are in or near the GPS L-band spectrum (1400 to 1427 MHz and
1664.4 to 1668.4 MHz). There is a potential for interference between the 1400-
to 1427-NHz band and the IONDS L3 frequency assignment. A radio astronomy study
was performed to predict the energy in the radio astronomy band due to IGS L-
band transmissions. This included a spectrum analysis that was verified by
testing at full power. This test indicated that some low-level energy from L3
falls within the radio astronomy band. However, in the normal mode, the L3
transmitter operates only when it detects an event, and then only long enough to
get the data to the ground. Normally, this will require less than one minuta of
transmissi -. Random triggers from cosmic particles and very powerful lightning
striker can trigger the system but are expected to be quite infrequent. There
will also be a test/c-librate mode that will be used approximately weekly when
the system is ostabliahed. Considering all modes, there should be on the
averag( less that five minutet of transmisjion per day per satellite. Due to*
the unusual energy and low-duty factor (the time L3 is transmitting divided by
the typical r dio astronomy integration time), there should be no interference
with the Radio Astronomy Ser,,ice (RAS), This is to be demonstrated by NDS 6 in
a test fully coordiuated with the UAS. An in-line L3 filter, which would
decrease the L3 signal level in the 1400- to 1427-MHz band by approximately
27 d', is being corsidered to elirinate potential L3 /RAS interference even with
extended L3 transmission time.

The Radio Astronomy Technical R-porZ hb-s been included in this doctmaent as
an appendix.

1.1.2.3 Existing CPS naca Link3. Using the existing CV L-band navigation
and S-band telemnet•y data inks simultaneously was considered for IONDS data
links, NoLe of the exi.sting CPS data links investi3aced for the IOND$ system
could provide the dats rate or tte rtceiving terminal flexibility necessary to
satisfy IONDS user requireikents. The iisting Ll an' L2 data capacity was
insufficient to meet IONDS requirements. Using the GPS L2 downlink frequ,,ncy in
a qtadratuxe phase shift keyed (QPS9) -c.e was analyzed and found capable .f

providing the necessary data rate and user terminal flexibility requiree .;,r the
IONDS mission. HoveveL, this sega ut of the L2 channel has been reserved for
potsible expansion of the CPS navigation mission. Fot that reason, further
consideration of the L2 link for IODS was teriinated. The GPS S-band doaulink
for IONDS eas not feasible since it would iL.•olve the use of a lar-e, fixed
ground site.

1.1.2.4 Electromagnecic Compatibility (ENC). Tae electromagnetic
environment on The GPS spacecraft has been antlyzed to assure a minimu Impact
tf- the rPS syoren and mission from addirS the IONDS hardvare. The EHC hardvare
test performed in late 1977 and eirlf 1978 verified that the IONDS system did
not impact or interfere with CPS operation or the GPS navigation mission. The
operation of the IONDS L3 system was also verified during the radio frequency
iaterferEnce (RFI) testing using an L, transmitter operating into an L3 test
"receiver.

3
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1.1.2.5 The IGS System. The IGS is made up of space and ground segments.
It has been developed to the point that space-related hardware has been
integrated with the GPS system and thoroughly evaluated by numerous tests which
demonstrated that there was no GPS navigatlon mission impact and that the IGS
system exceeded performance specifications over the full MIL-STD-1540 range.

The GPS/SPL configuration is shown in Figure 1. This secondary payload
configuration includes IGS and the AFSATCOM single-channel transponder (SOT).
This SPL on-orbit external configuration is characterized by additions on the
forward bulkhead. All of the telemetry, tracking, and command (TT&C),
navigation (NAV), IGS, and SM devices on the bulkhead have fixed optical and
electrical axes aligned parallel to the spacecraft's local vertical. The SPL
units are the IGS optical (BDY) sensor and sunshade, the X-ray (BDX) sensor, and
the SCT UHF and SOF antennas. The IGS shares the GPS L-band mission antenna,
eliminating the requirement for a 3eparate antenna that would have significantly
complicated the earth-pointing forward bulkhead. The sunshade material and
paints are nonconductive, thus the sunshade is transparent at microwave
frequencies and does not create radiation pattern blockages.

A functional block diagram of the IGS is showu in Figure 2.

The IGS system consists of BDX and BDY sensors located on the GPS forward
bulkhead, a sensor processor, an encoder, and a separate L-band transmitter all
supported by GPS subsystems. The system has been designed to accomplish its
mission objectives and function on a noninterfering basis with the GPS system.

Nuclear burst detection and location are determined from optical and X-ray
signals received by the sensors. Sensor data are fed to the burst detector
processor (BDP) where they are processed and synchronized to the GPS clock. The
BDP enables the L3 encoder and provides event data for encoding. The L3 encoder
uses the 1O.23-MIz reference frequency and the GPS P code to provide modulated
data to the L3 transmitter. The L3 transmitter uses a frequency midway between
the GPS LI and L2 channels for transmitting event data. These three L-band
channels are combined in the GPS triplexer and fed to a common L-band antenna
for transmission to the ground terminals.

The IGS employs the GPS precision time capability to "easure the time of
arrival (TOA) of the nuclear burst signal. Using TOA data from several GPS
satellites, IONDS can accurately determine event locations. IGS system
parameters are saummrizei in Table 1. The L3 transmitter chain equipment is
illustrated in Figures 3 through 6.

Figure 3 shove the five new units in the IGS subsystem and the two key GPS
units modified to accept tie secondary payload. In the upper left are the
Sandia X-ray (BDX) and optial (BDT) sensors. Data from theme units are
processed in the Sandia data processor (BDP) shown in the lover left corner.
All three Sandia units are irternally redundant for reliability.

Pictured in the tottam center and right corner of Figure 3 and in
Figures 4. 5, and 6 are the encoder and transmitter built by Rockwell Autonetics
for the IONDS dedicated dowulink.
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Figure 1. GPS-SPL Configuration
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Figure 2. IGS Functional Block Diagram
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Table 1. IGS ETV System Parameters

Parameter Value

L3 frequency 1381.05 MHz (nominal)*

L3 transmitter power 18.5 watts (measured)

Antenna gain on axis 9.9 dB (measured)

Antenna gain at 5 degrees elevation 11.4 dB (measured)

Worst-case system margin 2.2 dB (predicted)

IGS power required (total) 92.2 watts (measured)

IGS system weight (total) 61.2 lb (measured)

L3 /LI timing error 100 nanoseconds
(predicted)

*Refer to Section 3.6

The encoder has several functions, one of which is to reduce the power
demand for a 200-bps data rate from the spacecraft by differential and block
encoding. The overall bandwidth gain obtained by this process is 5 dB (a factor
of 3.16 power reduction). The encoder also contains a Modulo 2 adder that
combines the coded data with the GPS P code. The resultant signal permits the
identification of each satellite on a single carrier frequency by GPS code
division multiple-access techniques. The encoder is internally redundant to
provide reliable operation for at least five years.

Redundant transmitter units (A and B) are used for high reliability.
Transmitter A is identical to transmitter B, except for an RF transfer switch
module to couple either transmitter to the triplexer. One of the two IGS
transmitters is shown. IS transmitters A and B are never operated
simultaneously. Tranmitter output is 17 watts minimum at a center of frequency
of 1381.05 Wt. This frequency is derived from the NAV frequency standard via a
voltage-controlled oscillator (VCO) and a frequency multipler chain that
multiples the frequency standard output (10.23 MR) by a factor of 135,

In the upper right corner of Figure 3 are the CPS/ITT units that were
modified to support the IONDS payload. The larger unit is the baseband
processor, which will have a minor modification to provide the CPS timing signal
for IGS use. & third port was added to the existing diplexer, providing a
triplexer function to couple the two 'ýPS signals at Ls and L2 and the IODS
signal at L3 . This triplexer enables ION(DS to use the existing GPS mission
antenna (top center).

IGS system-level testing was succeJfully accouplished in March 1978 while
operating at full power on the Engineering Test Vehicle in an anechoic chamber.

6
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Figure 4. IGS L3 Transmitter Chain

Figure S. L3Encoder
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Figure 6. L3 Encoder Circuit Board
1 .2 PROGRAM SU)OV, RY

1.2.1 IGS Program Overview

The IGS system has been designed to be transparent to the basic GPS
navigation function, and if implemented as planned, it will be essentially a no-
risk program. These two desirable objectives have been achieved by in-depth
analyasi and trade studies, by following rigorous engineering standards coupled
vith intcnsive verification testing, and by using space-qualified components.

The IGS hardware has been designed, fabricated, and tested to MIL-STD-
1540/1541 requirements in accordance with the schedule shown in Figure 7. The
initial flight-type engineering models were gubjected to full functional and
limited qualification tests at the component level. The L3 encoder, L3
transmitter, triplexer, and baseband demonstrated full compliance in the areas
tested. The IGS hardware was integraLed with the SCT HAV, TT&C, and electrical
power subsystem (EPS) hardware and subjected to numerous tests to verify
performance compliance and GPS compatibility. Tests vere performed in an
anechoic chamber at full LF power to investigate intermodulation noise,
threshold sensitivity, and ENC. The results of these tests demonstrated that
there was no CPS navigation impact and that the 15 system exceeds performance
specifications over the entire MIL-STD-1540 range.

The IGS hardvare was designed to stringent radiation hardening requirements
and made maximum use of parts that had already been tested as part of the GPS
program. The IGS radiation hardening test program includes Joint Chiefs of
Staff (JCS) and natural environoental total dose testing on 21 selected parts
and dose rate testing for the Sandia components and Autonetics transmitter and
tining interface and encoder (TIE) units.

9
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sp gure 7. IGS Development Schedule

Analysis, developmaent, and testind have showv that eIIDS equiblmeit can be
successfully integrated vith the 'PS vehicle, in the FSV 6 teue frame, without
excessive chalges to the vehicle. The 'dded IGS aeight can be acco.modated by
the Atlas F p ounch vehicle and byo the apogee kick motor (A tn) by upgrding the
perigee kick thntors in the stage vehicle. There is adequate poser margin to
support the Irs payload. einor reviusons required in the NAY, EPS, and TT&C to
support SPL oparations have been validated wo verify the cppatibility of theSFL with GPS miss~ion functions. As r •esult, the •ir Force directed in January

1978 that the IcS be incorporated in bDi 6 during ite refurbishment frem tie
PhaTe I Qualification Test Vchicle (QTV) into a flisht vehicle.

Full-up testing on an actual satellite (dDS 6) wil b conclusively prove
there is no performance, coat, or schedule risk in incorporating IGS in the GPS
vehicle. At the cotpletion of the IDS 6 test sequence, full aset of validated
test procedures vie c exist for use ou future satellites. On-orbit test
operations with ony'S installed vib certify the operational perfoelance of tiSand result in space--proven components being available for future vehicles.

The IKDS 6/QTV-type modification ca•i be accomplished economically and be
interchangeable with ur=odified units. Added wiring may be removed with SPL
components Or added with SPL components.

The extensive testing and handling of the ,NDS 6 as the Phase I QT'V would
normally '•e expected to shorten its useful life. This is tihe prim~ary' reason
liDS 6 is the only GPS not cowered by ot-orbit incentives. As a result. certain
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key areas (i.e., earth sensor) require refurbishment to aseure long life. Since
NDS 6 is to have an operational IGS payload, these areas are being refurbished
to assure a useful life on the order of five years.

A mid-1980 launch data is the earliest feasible because of modifications
and refurbishment lead times. However, the modification and testing are
sufficiently early to minimize the procurement risk for FSV 9 through 12.
Similar "ow-risk refurbishment of any other available Phase I vehicle is
technically feasible and could provide additional IONDS capability in the 1980's.

1.2.2 Program Schedule

The NDS 6 program schedule shown in Figure 8 calls for launching of the
satellite in the sumer of 1980. This schedule identifies each IGS flight
har2,,are item and its relationship to the present qualification program and
shows tt each item will be available for subsystem installation in time to
support NDS 6 acceptance testing.

Following the initial IGS development phase, several functions were
incorporated into tL, TIE to minimize the modifications required in thp GPS NAV
hardware to support IGS. The TIE assembly performs data encoding with the same
redundant encoder mechanizatiou ezployed during Lhe developAent phase. The
qualification TIE unit incorporates ;he added functions of 10.23 M5z
distribution amplifiers, timing interface circuits, and a low-voltage power
supply. These circuits are contained on four multilaver printed circuit boards
(PCl's) with a master interconnect board. T1e TIE qualification program was
structured to provide time to breadboard and test the added functions before the
fabrication of the qualification hardware.

The transmitter assembly consists of redundant transmitters and an RF
switch. The transmitter includes a power supply, frequency synthesizer,
modulator, and RF amplifiers. The paver supply is constructed with conventional
discrete romponents, while the RF portions use microwave integrated circuitry
(MIC) and hybrid technology. The components include 3 printed circuit boards
(one 2-sided board for the synthesizer and two 4 -layer printed circuit boards
for the power supply), 15 1IC's, and 2 hybrid assemblies. The qualification
transmitter to be tested is the A configuration, which includes an RF svittb
differentiating it from the B configuration, and is virtually identical to the
development model.

The ITT qualification program consists of completing the qualfi4-ziot ofthe IGS triplexer and modiflied baseband. The original engintring development
model (EDN) units were new units built to the latest GPS flight design and
modified for IGS use. The triplexer qualification was completed by performing
qualification-level tests on the EDM triplexer in the areas of vibration and
pyrotechnic shock, which had not been done in the original test program. Vle
qualification of the baseband includes the development of a modified baseband 2
board and performance of a complete qualification test equivalent to the
original GPS qualification test.

The NDS 6 schedule shows the time spans required to refurbish to an IGS
configuration plus subsystem i~stallation, acceptance testing, and launch
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operations. Detailed refurbishment plans of hardvare items used in QTV testing

have been developed and stmmarized in the NDS 6 hardware utilization list (HIL).

1.2.3 IGS Program Documentation

This report documents the analysis and testing accomplished to establish
the feasibility of implementing IGS as a secondary and noninterfering paylioad onthe GPS satellite. The impact of implementing IGS on the GPS space vehicle hasbeen detailed in Volume II of this report. The analysis presented in Volume II
clearly indicates that the GPS spacecraft is an ideal host for the NUDET
detection and location system. The IS system can be implemented without
interference to the GPS mission and vith only a mall impact on the GPS
supporting subsystems.

Feasibility i -estigations, analyses, and studies performed in support of
IGS development are listed in Table 2. Documentation of these studies and other
IGS reports published by Rockwell are listed in Tables 3 and 4.

The testing accomplished on the GPS vehicle and on IONDS has created an
extremely optimistic projection of IONDS operational capabilities. The
performance of the GPS clock on NDS I and NDS 2 in orbital operations is proving
by demonstration that .t exceeds all astimates of accuracy (about

Table 2. IGS Analyses and Investigations

Analysis 1 Objective Results

Initial GPS/IONDS . Establish feasibility GPS/IGS configuration found
feasibility study of GPS/IGS to be feasible

Ford Aerospace Verify Rockwell GPSf Results of Rockwell study
and Cocmunication IG feasibility study verified aud concept deined
Cirp. concept and define system
definition study- concept
(-.-TR703 5)

Reliability Establish IGS reli- Single-point failure points
analysis ability and identify identified; IGS reliability

siL4le-poiut failures perforance predictions
indicate reliability
reqtjirtaents vili be
satisfied

IG$ donlink Find optLmun dovulink L3 ftrequeacy (1381.05 "0i:)
frequency selection frequency found to be optiwn= for IGS
tradeoff study

Radio-astronocy j Detetnime radio- Defined bandetop filter forinterference study astronony background the L3 transaitter which
Coise due to IGS could be inclu('.d to permit

exte.ded L3 _azasniss ion
vi~hout MS interference

A5
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Table 3. IGS Documentation - Rockwell Reports

Title Data Report Number

RF Signal Compatible Test Report 13 August 1977 SD 77-GP-0046

Intermodulation Noise Test 23 December 1977 SD 78-GP-0007

IGS System Test 21 March 1978 SD 78-GP-0012

IGS EMC Test 31 March 1978 SD 78-GP-0012

IGS Threshold Sensitivity Test 21 March 1978 SD 78-GP-0012

IGS/GPS Acoustic Test 1 October 1976 SD 77-GP-0010
Vols. 1,2,3,&4

GPS-NBRS Design Analysis Report, 12 August 1976 SD 78-GP-0018-1
Vol. II, GPS Spacecraft Impacts & 2

IGS Reliability Analysis 15 June 197, SD 77-:!P-0035

GPS/SPL Antenna Compatibility September 1977 SD 77-GP-0034
Tests

Baseband/GBD Processor/L3 Encoder 13 May 1977 SD 77-GP-0028
EDC Tests

GPS/SPL Thermal Control 15 June 1978 SD 78-GP-0020

Table 4. IGS Documentation - Rockwell Specifications

and Interface Control Documents

Title Document No.

Specifications
Antenna Coupler and Absorber Housing MC483-0010
IONDS Baseband Assembly MC409-0097
PRN Signal Assembly MC409-0018
Antenna, Helix Array MC481-0077
Rubidium Frequency Standard MC474-0030
L3 Transmitter MC476-0171
L3 Encoder MC476-0175
13 Triplexer, Antenna MC476-0174
IONDS Test Receiver MC476-0180

L3 Timing Interface and Encoder MC409-0099

Inteiface Control Documents (CD's)
Encoder and L3 Transmitter ?U408-00002-200
Cesitn Frequency Standard MH08-00010-400

Current Issue

L3 System/Global Positioning System M1108-00016-400
Current Issue

Space Vehicle Integrated Global Segments MH08-00014-400
Subsystem/Integrated Operationaii NUDET Current Issue

Detection System
1.3 Subsystem Physical and FuncLional MH08-00013-400

GPS/Global Burst Detector Interfaces . .H08-00012-400

14
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Imicro second/year) a~Ad should lead to precisiont three-dizmensional burst
location data. The IGS sensors' similarity to space-proven capabi~li~ties will
assure that nuclear burst data will be received as expected for TOA
transmissions. Verification that the GPS and IGS systems will function on a
noninterfering basis has been demonstrated in an electrical test vehicle (ETV)
which closely approximated the GPS flight vehicle. In sumary, the information
contained in this technical report indicates that:

1. GPS is an ideal vehicle for IGS implementation.

2. IGS will have no impact on GPS navigation.

3. IGS can be implemented in the GPS spacecraft with a small impact on
vehicle design.

4. IGS presents no riAk to the GPS program because of extensive testing
and by designing IGS components to MIL-STD-1540 and~ MIL-STD-1541.

1 .2 .4 IGS Program TLest Summary

The testing that verified the program objectives listed above is summarized
in Table 5. Each of the tests listed in the table is summarized in Section 6,
IGS Test Program. The initial testing was aimed at verifying the functional
operetion of IGS components. Other tests were performed to determine any IGS
impact on the satellite, system or mission ~and to demonstrate system
cou.patibili~y. The test program has successfully verified IGS system operationl
and its compatibility with GPS and has iiadicatad that the IGS implementation
will be a low-risk program.

Table 5. IGS Test Summary
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Table 5. IGS Test Summary (Cont)

Test Objective Rasults

lriplezez tests Verify triplezer functional Triplazar performance found equivalent
compatibility for LI. L2, ito 075 diplezer
tand L3 I

DIG toots Determine electromagnetic C181105 found to be compatible
compatibility between 105
&&4 CPS subsystems

Beach teat IC8 system Demnstrate functional coinpati- IG10 components found to be electrically
bilit) between the baseband compatible
processor, 351, and L.3 ecder

GPS/SPL thermal control Vot-.ry 0151311. thermal co~ntrol minor CPS equipment temperature increases
analysis capability i over qual tesar results. Impact of 103 on

CPS minor, requiring no requalification of
C15 equipment and minmaal thermal control
design china..e

GPSlIGS signal Com- Demonstrate 108 transmissions 108 tranamissione did mot degrade GPS
patibility tesar TT do not degr&ad 0PS navigation navigation, signal or sission

signal

System-levol inter- Demonstrate system-level inter- IGGS systems interoodulation found to he
modulation test modulation capability IXC-ctmpatibl*

System functional DIG Demonstrate compatibility lOS components found to be
rear between ICS components in a DIGM-compatible

system configuration

GPS/IGS thermal- Deonostrate syotres thermal- I Analysis based on GIS Mr test at AZMC
vacuum test vecum operational capability Iand initial CIS flight results indicaiss

no problems. full thermal-vacaus teat to
he accomplished on NDS 6

Ittaboud processor Demonstrate "? Compliance to gsteehan processoir accepted
acceptance test Specifications

Triplexar acceptance test Demonstrate triplezer comp~line Triplazar accepted
to specificteions

L3 transmitter accep- Domoutrate L3 tranmnitter Ls transmitter accepted
teace test complitace to specification.

Y-eenawr grounding and DOftestrato Y-eeaOr grounding Iackgtound sailse arproimaxely 150 ml -p
thesholdol sensitivity and thre"aol seesitivity Threshold sensitivity Appyscaiately saams
tests as beeclk test

15313 receiver tb.eehol4 Determine IQ$ Ssterm theshaold $ee Table 43
"oeaitivity teets with $?I receiver

M~ enable tests Dowmstrate tbe "M function M~ tuactica *oteation veTitied

505 compoese" 101 tosts 1. Demontrate romperi~bility 1. Overall copatiblkity AsmaotrateA
betweec 103 tomptmaste isa 2. Al*1 'nteges mactuel
sysem. ewatigisrariom 1. WOS system toted ready for signal &Ad

1. Nassents *aef I tuactineal compatibility ead at0 tests
CURAtattriatico

3. Verity ceaiste&&* foraignal
oospatlility. futetiesel

compatibility. aid Me0 tests.
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2. NAVSTAR GLOBAL POSITIONING SYSTEM (GPS)

2.1 GPS OBJECTIVES

The Navstar GPS is a satellite navigation system under development to
provide space, air, sea, and land users with position information to an accuracy
of 15 to 30 feet. Eight developmental space vehicles are being produced by
Rockwell under funding from the joint Army, Navy, Air Force, Marine Corps
program, managed by SA•S0.

The program plan is illustrated in Figure 9. Scheduled launching dates for
the flight vehicles are listed in Table 6. By the end of 1978, enough data from
the space vehicles will be available for DSARC-II (the Department of Defense
decision point to enter production for Phase III) in May 1979.

Full, three-dimensional coverage by 24 spacecraft will occur at the
beginning of 1986. The operational phase constellation will consist of
24 satellites in 12-hour orbits with 8 satellites in 3 orbital planes inclined
>--55 degrees.

IPWASE I PHASE 1 .. .. T I it
CONCEPT VALIDATION PROGRAM FULL SCALE DEVVLOP94ENT &SYSTEM T, FULL OIRITtOXA. CAPAWLIrY

1974 1975 1976 1977 1978 11979 i19"v 19Q-1 I'19EZ M93 1964 198-5 1986 11987

;SARtC t OSAnC III IOCWW30 FULLACC.•IRAY

TESTE

4cLq
ItT&I

OVtx THI TEST APIA

* l lA.LkT, LUj

u 
19 G.P 144 zJ u CAPlan T-

P1igure 9. GPS Progr~ao Plan
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Table 6. GPS Launching Schedule.

Flight Vehicle Launch Date

FSV I (Navstar 1) Feb. 22, 1978

FSV 2 (Navstar 2) May 13, 1978

FSV 3 (Navstar 3) Oct. 6, 1978

FSV 4 (Navstar 4) Dec. 10, 1978

FSV 5 TBD

FSV 7 TBD

FSV 8 TBD

FSV 6 (QTV vehicle) TBD

2.2 GPS SYSTEM DESCRIPTION

2.2.1" GPS User Segment

A GPS user requires pseudo-range measurements from four GPS satellites to
obtain a three-dimensional navigation fix, with time being the fourth solution
variable. Pseudo-range is defined as the transit times of the satellite-
generated signals as observed by the user and scaled to the speed of light.
Using GPS time as a reference, the true transit times are those between the GPS
transit times and the GPS receive times. These transit times represent the true
slant ranges except for propagation delays.

In the solution for pseudo-range, the satellite transmits a pseudo-random
noise (PRN) code and a navigation message. The satellites radiate these signals
on two frequencies, L1 and L2, to correct for ionospheric delays. Tropospheric
delays are estimated, based on prevailing atmospheric conditions, geometry, and
altitude.

The GPS navigation message is the information supplied to the GPS users
rc a - GPS s ree vehicle (SV). It is in the form of a 50-bit-per-second data

bit stream that is modulated on the GPS navigation signals. This signal carries
SV ephemerides, system time, SV clcck behavior data, transmitter status
information, and CIA (clear/acquisition) to P (precision) signal handover
information. The data stre= is comon to both the P and C/A signal on both the
Ll and L2 frequencies.

The data message is contained in a data frame that is 1,500 bits long. It
has five subframes, each of which contains system time and the C/A to P handover
information. The first subframe contains the SV's clock correction parameters
and ionospheric propagation delay model parameters. The second and third
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subframes contain the SV's ephemeris. The fourth subframe contains a message of
alphanumeric characters. The fifth subframe is a cycling of the almanacs of all
SV's (one per frame), containing their ephemerides, clock correction parameters,
and health. This almanac information is for user acquisition of yet-to-be-
acquired SV's.

The user system segment includes the hardware and computer programs
necessary to receive and process navigation signals and output the results as
three-dimensional position and velocity. It is capable of displaying system
time to users who require it. A user equipment set is the appropriate
combination of elements that are required to convert the available C/A
navigation signals into usable navigation data under the operating conditions
associated with the host vehicle. The elements of a user equipment set include
an antenna assembly, receiver, data processor, control/display unit, power
supply unit, and interface units.

When a user wants to establish his position, he must acquire at least four
satellites. Since all of the satellites transmit on the same frequency and the
user equipment receives energy from all satellites within view, the user's
receiver employs correlation techniques to recover the desired data.

The receiver equipment selects four of the satellites within view and
provides instructions for acquisition and data recovery (i.e., codes and
predicted doppler). The acquisition sequence consists of a carrier acquisition,
C/A code acquisition, and P code acquisition. Nonprotected receivers omit the P
code acquisition and use the less accurate C/A code.

To select a satellite, the user receiver generates a predetermined C/A code
(one of 32 codes selected before launch). This code is used as a reference and
compared with the received signal. A PN signal search is performed by shifting
the reference PRN code until a correlation peak exceeds an acquisition threshold.
This correlation peak occurs when the reference code and the received code are
synchronized in both frequency and time. After the C/A code has been acquired,
data can be extracted. The extracted data contain SV ephemerides, system time
of day, SV clock data, system status messages, and C/A to P handover information.
This handover information is then used to provide the v priori information
necessary to code-lock the receiver to the higher chipping rate (10.23 MO),
long-term P code.

A sophisticated user receiver will perfom this sequence simultaneously for
four satellites. The roceiving craft will use its ovn special clock, updated
regularly by one of the atomic clocks in orbit, and calculate, by computer, the
time required for trannission of the space vehicle signals and the range and
direction involved. From this information, the receiving equipment vill
calculate the user's position within teas or feet in three dimensions in a few
seconds.

2.3 GPS/IGS INTERFACING SUBSYSTEMS

The navigation and WUDET surveillance missions are separate functions but
use some common elements that operate on a noninterferiiW baois. The IONDS
subsystem has been constrained to cause no GPS perforuanca detradation, even

÷.9



SpUc Operalions/Int- •gtion & Ajh Rockwell
saweIII SY.Is Oim W"'Y o iiternatonal

though its implementation is functionally dependent on the navigation, TT&C,
EPS, and other GPS subsystems. Similarly, no unique NUDET data are included in
the navigation message although the IONDS system depends on the data contained
in the L1 and L2 data message. The organization of these GPS subsystems is
illustrated in Figure 10.

2.3.1 Navigation Subsystem

The GPS global segment navigation subsystem block diagram is shown in
Figure 11. The subsystem provides for the simultaneous downlink generation of
two L-band carriers: L1 at 1575.42 MHz and L2 at 1227.60 MHz. The Ll carrier
is biphase-modulated with two codes: a 10.23-MHz PRN precision code and a
1.023 MHz (C/A) PRN code for acquisition. The C/A signal is modulated in
quadrature to the P signal.

The second carrier, L2 , is biphase-modulated with the 10.23 MHz PRN P code
only. The C/A signal may be used by some users for limited precision ranging
and is used by all users for acquisition. The P signal, which cannot be used
for rapid direct acquisition, is used for precisi.on ranging. Table 7 summarizes
the navigation subsystem characteristics.

2.3.2 Telemetry, Tracking, and Command (TT&C) Subsystem

The TT&C subsystem provides telemetry, tracking, conmand, and navigation
upload capabilities to support GPS space vehicle operations in conjunction with
the Air Force Satellite Control Facility (AVSCF) and the Master Control Station
(HCS) (see Figure 12).

2.3.3 Subsystem Functions

The TT&C subsystem is designed to support the following functions:

1. Primary navigation upload from the upload station (ULS) and backup from
the AFSCF

2. Alternate navigation encrypted or bypass upload from the &FSCF via the
command decoder

3. TT&C coands from the AFSCF in either the bypass or the encrypted
format

4. Space ground link system (SCLS) telemetry to the AFSCF at either

4,000 or 500 bps

5. PMN turn-around ranging (tracking) from the AFSCF

The navigation upload has three modes, i.e., primary, backup, and alternate.
In the primary sode, navigation data are routed from the MCS/ULS via the TT&C
receiver/dezodulators and signal conditioning unit (SCU) to the baseband
processor. The IlLS does not have the capability to send discrete or magnitude
cocmands in the TTUC encrypted or bypass modes. The primary mode appli- to the
NOS and the Navigation Technology Satellite and to the ULS. The backup rode is

20
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Figure 11. Navigation Subsystem

Table 7. Navigation Subsystem Requirement Sum~ary

Frequencies C/A Signal Structure

LI: 1,575.42 MHz Chipping rate: 1.023 Mbps
L2: 1,227.60 MHz Data Rate: 50 bps

Eiphase-modulated: modulo 2
User Receiver.RF Signal Levels sum of data and code

(minimum) Combined Signals

-163 dW: P at L1 (normal powerD

)Correlation loss (P and C/A):
-160 dBW: C/A at Lj (normal ~O6dpower Eode) A" od

-158 dBW: C/A at L1 (high
paber 7.de) Fremuncy e mandard AccSu acy

-166 dEW: P or C/A at L2  (10.23 MIz Nominal)

Frequency sCability:Li: <1 M 10- 1 3 23f/f

Normal: 3 1 a (2 sigma) Reset reso0ution:

Eclipse: 5 ns (2 sigma) <2 x I0-LJ f/f
Reset Range :

P SignalStructure ,(Lu/2) >1 x i0-I Af/f

Chippin8 rate: 10.23 Nbps L-Band antenna
fData rate: S0 bps IP rn isono -as
Biphase-modulated: modulo Csus of data and c coveraget 14.3 deg

Antenna gain at 14,3 deg:
+12.8 dB CL1 ) aa(d +11.3 dB

(L,)

powe mod ) AM (com osi e ca rier : <1 0 d
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2.3.4 Attitude and Velocity Control Subsystem (AVCS)

The AVCS provides the sensing, logic, and control torques necessary to
perform velocity maneuvers and maintain desired space vehicle orientation. This
system must maintain spacecraft pointing to within + (TBD) degrees and not cause
spacecraft pointing movement greater than (TBD) degrees per second to preclude
interference with IONDS.

2.3.5 Reaction Control Subsystem (RCS)

The RCS is a simple blowdown, monopropellant system using two 22.2-N and
sixteen 0.44-N catalytic thrusters.

2.3.6 Electrical Power Subsystem (EPS)

Thr; EPS consists of a 5.02 m2 solar array with single-degree-of-freedom
drives. The solar array, in conjunction with the batteries, forms a direct
energy transfer system to supply 27 + I Vdc to all GPS space vehicle systems.
The EPS operates autonomously, providing battery charge and discharge logic and
overload protection for every load.

2.3.7 Solar _rrays

The solar array consists of a series/parallel matrix of N-P silicon solar
cells, which conver. incident solar energy into electrical power. These cells
are arranged on 2 wir.p,-each with 18 parallel-connected diode-isolated solar
cell circuits. Each circuit is composed of 81 series-connected submodules of
2 parallel 2-cm by 4 -cm calls.

2.3.8 Batteries

Three 16-cell, 12-amp-hour Ni-Ctd batteries perform the energy storage
function. The battery nodule is a modification of the 10-cell lunar orbiter
module with 3 cells added to each row to obtain the required 16 cells. The
battery capacity and number of batteties pr'vide high confidence that the five-
year life can be achieved. The average in-erbit battery temperature will be
maintained between 0 and 200C.

2.3.9 Power Conditioning Unit (PCU))

The PCU supports a single bus system and detects the difference between bus
and nominal voltage levels. This difference error is amplified and used in the
central power control to drive the system functions (i.e., supply regulated
power, coalrol battery cnarging, boost battery discharge voltage, and dilpose of
excess array power). Ac the nominal voltage sufficient power is generat'd froM
the solar array to support elI !•*4.a and provide power for battery charging..
Vith a positive deviation from the nominal voltage, the central power control
unit within the PCU snnses the error voltage and amplifies it to drive the s.unt
dissipators sequentially on to dissipate excess solar array-generated power line
to reduce the voltage toward the nominal.

>I



- - n-,i -n -ai l mH mi a -~ l

Sows ouerasIufo w a Rockwell

s"Hu. Sysams Dmsion Intemational

2.3.10 Other GPS Subsystems

The orbit injection subsystem, str:Atural subsystem, and thermal control
subsystem do not interact with IONDS to an extent that would require them t,) be
described in this voltme. Further information on these subsystems can be
obtained from Volume II.
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3. IOZIDS GLOBAL SEGMENT (IGS)

3.1 IGS OBJECTIVE

The functional objective of IGS is to provide global NUDET surveillance
coverage. The objectives of the IGS development program at Rockwell included
the definition of a subsystem with maximumm political and military value and
which, at the same time, has an insignificant impact on the basic CPS mission.

3.2 IGS SYSTEM DESCRIPTION

The baseline GPSfIONDS system consists of two elements: a satellite
subsystem carried aboard a GPS satellite and a ground/airborne user terminal.
The basic elements of the global subsystem are I and Y sensors, a sensor data
processor, an encoder, and an L-band transmitter. The global subsystem is
supported by the GPS satellite with time, P and C/A codes, power, commands,
state of health (Sof) measurements, and antennas. The user segment consists of
an antenna, receiver, processor, and display unit. A top-level functional flow
diagram of the IGS/GPS system is shown in Figure 13. The IGS space segment is
controlled and monitored by the control system segment of the system. The space
segment broadcasts precision time and ephemeris data to both the navigation and
IGS user segments on Ll and L2 channels. IGS transmits nuclear event data on L3
to the IGS user segment.

SUTUTI SEtM!iT tS U$tR UEGQtUT

LAU"ICN

NAVIGATtOR ANAI-[U v a o"Mr• - - • .S M S T U. I. .
SAT UII ATt I ...... .

CMIMU sz~tws $-. ArtoscOrsLU-Er (U _L____ mmm _________mm __m_-

Figure 13. Functional Flov Diagr=
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3.2.1 IGS System Operation

The IGS system, when operational, will become a significant part of the
total IONDS, and the data will be used in conjunction with data obtained from
other sources. NUDET information obtained from IGS will have some inherent
advantages over counterpart systems in that (1) complete global coverage will be
accomplished, (2) better location information will result from the precision
time available from GPS, and (3) burst altitude can be accurately determined.
In addition to the above advantages, the probability of successfully detecting
low yield devices will be enhanced since four or more GPS/IGS satellites will be
in view of any global nuclear event simultaneously.

During nuclear event surveillance 6perations, the IGS X and Y sensors will
be operating continuously on each GPS vehicle. If a nuclear burst were to
occur, these optical (Y) and X-ray (M) sensors on-board at least four GPS/IGS
satellites would be in position to receive event data. The event yield and
altitude determine the characteristics of the burst's optical and 7-ray
signatures. If these signals pass the selection criteria, the HUDET data vill
be processed and a time tag assigned to each event.

The data from the sensors are digitized and stored in the BDP. The IGS L3
transmitter is then activated by the BDP, and a prescribed data format is
transmitted. After one transmission of the contents of the BDP memory, the L3
transmitter is turned off. The IGS event memory has the capacity to store data
from multiple nuclear events and the stored information vili be available for
transmission upon com~nnd from an appropriate ground station.

3.2.2 IGS Control Segment

The control and monitoring of the IMS operation is accomplished through the
GPS TT6C subsystem. Figure 12 illustrates the interface between the GPS TT&C
and the Sate)lite Control Station Network. The GPS ccmAnd decoder produces
both momentary (discrete pulse) comands and a serial comand data streaz of
14 bits.

The IGS subsystem is pi-ovided vith eight discrete pulse coemands and one
14-bit serial coand with clock and enable signals. An 1ONDS user can
communicate with one of the satellite control stations for specital IGS ceands.
Normally, each IGS space vehicle tramaits sensor status once a day and niclear
event data in real or delayed time.

The tORDS SICH data are presented to the GPS telemetry (pulse code codulator
[PC]) in digital torn, The SOH data are transwitted at a rate of 4.000 or
500 bps. Tvo 8-bit parallel words are available for outputting• sensor SON to
the PQI mmory for transmission to the control station.

3.2.3 I0NDS Global Sepent

Figure 14 illustrates the location of IOiDS coopenents vith :he X-ray (W)
sensor and the optical MT) sensor on the GPS vehicle. Te sunshade on the
Y sensor is cade of &F transparent material to prevent degradation of GPS L-band
antenna performance. The ! sensor will detect X-rays from exoatmosphezic nuclear
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Figure 14. Installation of IGS Compoaents on GPS Vehicle

events. Similarly, the Y sensor will detect the optical signature of an
atmospheric nuclear event. Time of arrival from the sensors will be used to
determine event location.

3.2.4 IGS Data

The IGS data are provided after a nuclear event to all op'erational user
sites. The sensor data in the initial encoder design was block, differential,
and convolutioual encoded in that order. Operational satellite encoding is
planned to. be in the block/convolutiunal/interleave/differentibl sequence. The
coded dA.t are Modulo-2 added to the P code and transmitted over the L3 link.
Vigure 1L dhows the overall IONDS coding for the IGS data.

Nuclear event data are time-referenced to GPS system time by using baseband
timing information as shown in Figure 16. The baseband/processor provides the
Z-count, Xl epoch, and 10.23-NHz timing signal established by the satellite's
atomic standard frequency relationship between the signals and the coherent
clock used to transfer the Z-count. The Xl epoch provides a time mark to
initialize a fine count to achieve nuclear event TOA at the spacecraft. The
rise time of less than 100 nanoseconds for the leading edge of the Xl epoch is
used to achieve this performance. The 10.23-MHz signal provides the precision
clock for fins time counting.

The IGS data format is shown in Figure 17. The encoder pcovides
concatenation coding or the nuclear event data. This coding consists of a block

29
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Figure 15. IONDS Data Coding
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Figure 16. baseband Interface Timing Relationship

30

I!I"! " 1"1r lpI''I I,,l I Ii l[1i•l I I rl ll i IlIll I 11



SW* eso•.ns/Inlgr~uon A , Ih Rockwell
Sa01te. Systems Divisios International

FIAST BIT
TkAMS"ITTto

24 HIT SYNC PATTERN

6 SITS , BLOCK COT

LOCK LOW 'Pl•BABITY "M~tT
LENGTH OF SYNC 4 TrMU

600 errs PATTEfi (M40 SITS).

(4) (2)(3)l
t 2 PARITY SITS

24 8IT SYNC PATTEM

8 8115 h-- &OCK COLIC!

LOCsK 
QATA

LENGTH BAT10
600 BITS IGS OhTA ITiles

(4) ()3
22 PARIY BITS

NOTES:
(1) SYMC PATTERN

0001 111] 1001 0000 1100 1010
I F 9 0 C A

(2) SIT FOR POST DECOO1I P*DMSIWA
(3) VIT FOR BiLOCX OECOW( EP"C

INDICA•rIO (I - ERROR)
(4) (RAOR COITUS W (Z4 SITS) PROVIDEO 1Y

T L IU MCK IOWNS

Figure 17. IGS Data Format

code and convolutional code whose charactezirtics are described below. The
block coding provides error detection with a block length of 600 bits.

The differential/convolutional encoding are shown in Figure 18. The 24-bit
sync word and the data words are provided by the buret detection processor. The
22-bit errir control word is supplied by the encoder. The remaining two bits
are used by the decoder and postdecoding processing.

A differential code provides transparency to 180-degree carrier phase
ambiguities that give reversals in data logic states. This encoding precedes
the convolutional encoding.

The convolutional encoder provides error correcting data encoding. The
convolutional code has a cobstraint length of seven. The code rate is 1/2 with
two code bits transmitted for each input bit. Soft quantizing of the received
data stream is performed before convolutional decoding. The encoder input is
200 bps with an encoder output of 400 symbols per second. The concatenated-
coded data are then Modulo-2 added to the P code to achieve spectrtu spreading.
The P code is extracted from the data stream by the receiver. The convolution
decoder receives data at 400 %ps and outputs at 200 bps.

The evrot control word is generate4 by division of the input data block by
-he polynoiminal

(;(x) -X 2 2 + X20 + X14 X13 X l12 + Xll + X8 . X7 + X5 3 X 1
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Figure 18. Encoder Timing Diagram

The probability of detecting the presence of random data in the input block at
the decoder is 2.4 x 10-7. The data rate is 200 bps. The encoder delay is
I bit while the decoder delay is 25 bits.

3.2.5 IONflS User Segment (IIJS)

The IONDS user segment consists of a passive receiving and processor
station. The receiving Z-erinals can be part of a global receivin~g terminal. Sa
tactical, or an airborne terminal (see Figure 19).

The theater/global receiving terminal may use a ti-foot shaped hemispherical
beam (SlID) antenna, a one-bay 19-inch rack, and an output printing device. The
racks contain two four-channel receivers, decoders, a computer, data storage
device. and a communications interface.

The tactical terminal will consist of a half-rack for a four-channel
receiver, decoder$. computer, and power supply. The terminal will not use a
communications interface, and the data are printed at the output terminal. The
antenna is a mast-counted 11-inch volute array.

The airborne terminal is basically identical to the theater/global terminal.
To ensure full ;ttteana coverage during airplane maneuvers,' two 4-inch-diameter
turnstile-nconopole antenna$ will be counted on the top of the fuselage. The
preamplifiers will be co-located with the antennas for optimum receiver
per f TormAtnce.
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Figure 19. IONDS/GPS Receiving Terminals

An IONDS/GPS receiver set can receive data from four GPS satellites
simultaneously. The set has five channels which can monitor either Link 1 or
Link 3. A code channel is used to initially search for and acquire Link 1 and
then to continuously search for a Link 3 signal. The carrier channels monitor
Link 1 to obtain clock correction and satellite position data and to maintain
synchronization on the GPS P code while the code channel searches for a Link 3
signal. When any Link 3 signal is detected, the appropriate carrier channel is
switched from Link 1 to Link 3 to receive IONDS data messages. Since the
channel has previously locked on to the Link I P code and Link 3 also carries
the P code, Link 3 synchronization is attained within a few seconds. After all
data have been transmitted and Link 3 is turned off, the receiver channel
switches back to Link I to maintaih P code synchronization for rapid acquisition
if subsequent Link 3 transmissions.

Figure 20 illustrates a typical four-channel IONDS receiver that is
expected to be a modified version of the GPS operational receiver that performs
similar Lj/L 2 functions.

Figure 21 lists receiving terminal processing functions which determine the
FTUDET event parc-oeters. Mission data messages (XDM's) are formatted for local
user display and/or transmission to other users.
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3.3 IGS USER OPERATIONS

3.3.1 NUDET Position Determination

A NUDET may be detected by multiple sensors on GPK: SV's. The times of
these detections (tGBDi) are transmitted to the stations computing the position
of the burst via the L3 signal. The parameters for computing the SV positions
are XS, YSi, ZS 1.l The SV clock offsets (AtsVj, TGDj) are also transmitted to
the same stations via the Ll GPS signal. Calibration parameters (AtBBLli,
AtGBDI) are measured on the SV's before their launc0 and are stored at the
stations. Delays through the ionosphere atmosphere (AtAi), if any, are expected
to be estimated at each terminal. However, continuous monitoring of such data
using Ll and L2 could be provided for. The position and time of the burst (XB,

YB, ZB, tB) are computed from these parameters, as illustrated in Figure 22.

The relationships between the various tivej within a given SV that are
pertinent to computing the true GPS time of the burst detection at a given SV
are illustrated in Figure 23. The time of i-terest is ti, the true GPS time of
burst detection, although the tagged time of detection is ýGBDi. This time ti
is related to SV time, tSvi, as derived in -he GPS system as

ti = tsvi - Atsvi (1)

where, in terms of the parameters in the GPS navigation message,

tsvi - a0 i + ali (tsvi - toci) + a2i (tSVi - toci)2 (2)

However, the SV time, tSV , is, ir general, neither the L1 signal time nor

the L2 signal time. This is beccuse the clock correction parameters are

estimated in the GPS system based on two frequency transit time measurements

corrected for ionospheric delay . A possible group delay differential between
the transmitted L1 and L2 signa.s causeu the correction of Equation 2 to be in
error by the amount TGDj on L1 and by yTGDj on L2. This is of no consequence to

two frequency users, 4ince it performs the same two-frequency corrections.

However, for single-frequency users, a correction should be made if accuracies
are desired to that level.

The same is true for relating GPS time to the SV baseband processor time,

tBBi" This can be done by relating that baseband time to the time at the phase
center of the L1 transmitting antenna, since that time is related to the SV time
as

tSVL1 . tSVi + TGDi - ti +AtSVi + TGDi (3)

If the delay between the baseband processor and the Ll antenna (AtBBLtI) is

measured before the launch of the SV, so that

tBBi - tSVL1 , A+tBBL 1 . (4)
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this baseband time is related to GPS time ti as

tBBi - ti + Atsv1i+ TGDi + AtBBL. (5)
1

(An epoch at the baseband occurs earlier than in GPS time by the amount
Atsvi + TGDi + AtBBL li.)

Likewise, the delay between the baseband processor and the global burst
detector (AtGBDi) can be measured before the launch of the SV so that

tGBDi - tBBi - AtGBDi (6)

The relationship of that time to GPS time is found by combining Equations 5 and
6 so that

tGBDi = ti + AtsVi + TGDi + AtBBL. - AtGBDi (7)
1

or, ccuversely, the GPS time of a burst time tagged with tGBD is

tin tGBDi - Atsvi - TGDi - AtBBL1 i + AtGBDi (8)

It is conceivable that the delay between the burst detector and the L1 antenna
could bt measured before launch so that

AtGBDLl. - tGBDi - tSVL1 . (9)
1 1

Eliminating the baseband time and combining Equations 4 and 6 yield

AtGBDL 1 . " AtBBL1 , - tGBDi (10)

so that Equation 8 becomes

t; ' tGBDi - dtSV- - TGDi -tGBDLI. (11)

solving for the NVDET location and time.

The ranges from the burst to the four SV's are

i / (us - X) 2  (yS - yb) 2 + (Zs. ZB) 2 ; i - ... ,4 (12)
I I l

which is related to the transit timts (AtTj) of the detected wave front by

tTi - ti - t, Rw... + LtAi; i - 1, ... , 4 (13)
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where C is the speed of light, so that

Ri - Cti - C AtA. - CtB; i - 1, ... , 4 (14)

where ti is already corrected by Equations 8 or 11. Thus, we have four
equations with four unknowns (XB, YB, ZB, and tB). The fact that these
equations are nonlinear only requires that they be solved in an iterative
manner. One approach is to guess a solution (tB should be about 60 milliseconds
earlier than the ti) and to linearize about the guessed solution and solutions
of subsequent iterations. (This is called quasilinearization.) That is, solve
for a solution vector

Uk - (XBk, YBk, ZBk, tBk)T (15)

where ( )T means transpose, and the k represents the kth iteration
(k a 1, 2, 3, ... ), from the equation

-1

Uk - Ak-l V (16)

where the ith row of the 4 x 4 matrix Ak is

Ak- X - Xs., - ZB - 2Z., 2C2 - C2 tB (ti - AtAi) (17)
A I' k j k i k k

and the ith component of the 4 z I vector V is

Vi - C2 (ti - AtA )2 - X 2 - ys2 - Zs.2 (18)

The iterations should be continued until there are no significant changes in the

solution.

3.3.2 NUDET Time of Arrival (TOA) Error Sources

The one-sigma error in the computation of the GPS time of burst detection
is simply the KSS of the errors in the terms of Equation 8 (or II). This is,
for Equation 8

at2  V tG * 02°6tSV. + o'TGD, * 0'AtBBLj' * 2I. tG (19)
/tV

since they are probably, but not necessarily, independent of each other. In
this equation otGBD is the one-sigma error in time tagging the event given

i

that the time tag was supplied perfectly to the G5D. CatSV" is the one-si&g&a

error of the SV clock correction, which for Phase I GPS is budgeted to be less
than 9 nanoseconds for two hours after upload. GTGD is related to the error (or
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drift) in the calibration of the L.2 group delay to 1.1 group delay in the SV and
the GPS control segments' ability to estimate it, which can occur only when the
ionospheric delay is thought to be negligible. This error should be as low as 2
to 3 nanose~conds but could be as large as 22.5 nanoseconds (l/1-Y' A(Ll - L2)]
before it is estimated. TheOyAtBBL1, andu AtGBD iare functions of the ability

1. i

to measure these delays and how they drift after launch.

3.3.3 Relativity Effects

The clock correction parameters received from an SV for computing 4ýtSV
include the effects of general relativity on the SV clock as it is observed fri~m
the surface of the earth. A question has arisen concerning these effects on the
determination of the burst position and time. The position and time solution is
identical to that of a CPS user on the surface of the earth except that the
signal paths are reversed from those in GPS. Since the time of the burst$ tB,
is the time on the surface of the earth, the relativity corrections for the SV
times, as related to that time, are identical to those of the GPS user.
Therefore, no additional relativity corrections are required.

3.4 CPS TIME AND FREQUENCY SYNTHESIS

The apace vehicle navigation system provides continuous earth coverage for
a navigational signal comprised of both a C/A signal and a P signal on one
L-band carrier, and a P or a C/A signal on 3 second L-band carrier. The
navigation signal is composed of PRN ranging code signals. Superimposed data
provide satellite system time for acquisition aiding, the space vehicle
ephemerides, and clock correction. The IONDS user will use the Li signal for
P code tracking and for satellite timing and position data.

The PRN phase-omodulated signals are radiated in three bands, LI, L.2, and 1.3.
The Ll carrier component is quadriphase shift key (QPSK) modulated by separate
PRI* codes that contain the required navigation information. One carrier
component is a-precision navigation signal and the other a clear/acquisition
signal. The P and C/A csrrie~r components' relative RF power levels depend on
which of two operating mitdes is used. Trhe L2 carrier signal is biphase-
modulated by the same P or C/A signals used to modulate LI, selectable by ground
command. The L.3 carr,.er signal is biphase-modulsted by the P signal used to
modulate LI, with ICS data added to the P code. The Ll. 1.2, and L.3 carriers and
all modulation ratts are derived from one of the three 1O.23-IMHz frequency
sources.

3.5 CODEF CHARACTERISTICS

Characteristics of P and C/A codes are as follows, with the frequency and
time tolerances being controlled by the SV frequency standard:
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Characteristics P C/A

Chipping rate (Mbps) 10.23 1.023

Code epoch 7 days I ma
Data rate (bps) 50 50

Frame length (bits) 1,500 1,500

3.5.1 PRN P Code

The PRN P code is a ranging code, XPi(t), of 7 days in length at a chipping
rate of 10.23 Mbps. The code generation technique has the capability of
generating a set of 37 sequences of 7 days' length. Each of the sequences will
be mutually exclusive. The space vehicle code generators are capable of
generating a set of 32 sequences of 7 days' length and are selectable before
launch. The remaining five sequences are reserved for other transmitters. The
7-day sequence is the Modulo-2 sum of two subsequences called XI and X2. The Xl
sequence is 15,345,000 chips (1.5 seconds) long. The X2 sequence is
15,345,037 chips long.

The P digital stream is the Modulo-2 sum of the data bit stream clocked at
50 Hz and two extended patterns clocked at 10.23 MHz (Xl and X2). XI is
generated by the Modulo-2 sum of the output of two 12-stage registers (MA and
XlB) short cycled to 4,092 and 4,093 chips, respectively. When the XIA short
cycles are counted to 3,750, the Xl epoch is generated. The Xl epoch occurs
each 1.5 seconds, after 15,345,000 chips of the Xl pattern.

The polynomials for XIA and XIB, as referenced to the shift register input,
are as follows:

XIA: I + X6 + X8 + X11 + XlZ

XIB: I + XI + X2 + X5 * X8 + X9 + xIO + XII * X12

Following the Xl epoch the first 12 chips of XIA contained in stages I and
12 (left to right) are 000100100100. The last three chips, 001, of the 4,095
sequence corresponding to this polyniinail are omitted in shortening the
sequence. The first 12 chips of XIB contained in stages 1 and 42 (left to
right) are 001010101010. The last two chips of the 4,095 sequence corresponding
to this polynominal. 01. are oitted in shortening the sequence.

At the occurrence of each epoch, XIA and XIB begin at the first chip of
their respective sequences. Shortly before XIA completes the 3,750th (last)
cycle of each 1.5-second epoch interval, XIB completes its 3,749th cycle. Then
XIS is stopped at the final chip of its cycle until XIA completes its cycle,
whereupon both begin a new epoch at the first chip of their respective sequences.

X2 is similarly generated by the ,Mdulo-2 sx= of the output of tye 12-stage
registers (XMA and X2B) short cycled to 4,092 and 4,093 chips respectively. The
polynocinals for X2A and X2B are as referenced to the shift register input:
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XZA: 1 + Xl + X3 + X4 + X5 + X7 + X8 + X9 + XIO + X'1 + X12

X2B: 1 + X2 + X3 + X4 + X8 + X9 + X12

The first 12 chips of X2A in stages 1 through 12 (left to right) are
101001001001. The last three chips, 100, of the 4,095 sequence corresponding to
this polynomial, are omitted in shortening the sequence. The first 12 chips of
X2B in stages 1 through 12 (left to right) are 001010101010. The last two chips
of the 4,095 sequence, 01, are omitted in shortening the sequence. At the
beginning of each one-week interval, all four 12-stage coders begin their
sequences togetaer. Thereafter, each time that X2A is in its 3,750th cycle,
X2B is stopped until X2A completes its 3,750th cycle when X2B completes its
3,749th cycle. Then both 12A and X2B remain in their final state for 37 more of
the 10.23-MHz pulses, and then both begin at the first chip oi -heir respective
sequences. The period of X2 is, accordingly, 15,345,037 chips. Du.•ing the last
cycle of XlA of a one-week interval, XlB, X2A, and X2B are halted upon reaching
the last chip of their respective sequences until XIA completes its cycle and
all four registers begin their sequences together. The X2 sequence is delayed
by a selected integer number of chips, i, ranging from 1 to 32 and then is added
Modulo-2 to the Xl sequence to produce XPi(t). The spacecraft P code
mechanization is shown in Figure 24. (The end-of-week signal occurs
400 microsecon4d before the state-of-week signal.)

UT 11 A 60€M

S~Fj~u.'e 24. P Code Generation
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The Ll and L3 • codes and the Xl epochs are synchronous with the same
10.23-liz clock. The Z-count is defined as the 19-bit binary number that is

equal to the number of Xl epochs that have occurred since the end of the
previous week. The range of the Z-count is from 0 to 403,199. The epoch
coincident with the start of the present week is defined as the zero state of

the Z counter.

3.5.2 PRN C/A Code

The PRN C/A code shall be a ranging code, XCi (t), at a chipping rate of
1.023 MHz, and it shall be made up of a 1,023-bit Gold code. The epochs of the
Gold code shall be synchronized with the Xl epochs. One of the 32 different
codes shall be hardwired at the time of production of each NAV subsystem. Each

of the 32 codes shall have a low envelope cross-correlation with any other of
the set. The polynomials and phases of the 32 codes shall be selected in
accordance with ICD-1008-00002. The C/A digital stream is a Modulo-2 sum of the
data bit stream of 50 Hz (D), and a 1,023-bit linear pattern of 1.023 MHz (G).
Epochs of the G code and transitions of the D train are aligned with the
X1 epochs of the P code. The G code is the Modulo-2 sum of two 1,023-bit linear
patterns generated by means of the following polynomials

Gl . X10 + X3 + 1

G2 - X10 * X9 + X8 + X6 + X3 + X2 + I

G2 phases are selectable to provide 36 derived codes. Each of the 36 codes
contains 512 ones and 511 zeros. The polynomial exponents are referred to the
input end of the shift register.

3.6 DOWNLINK SYSTEM DATA

The transmitted system data D(t) carry space vehicle ephemerides, system
time, space vehicle clock behavior data, Snd system status sesaiges. The data
stream D(t) is conon to both the P and CIA signals on Ll and L2 . IGS data are
transmitted on L3. both user system segments use the navigation signal L1 for
acquisition, for P code tracking, and for determining system time and sattIlite
position. The 10NDS user receives the IGS signal transmitted on Lj by the SV.

An antenna triplexer unit in the SV subsystem accepts three separate phase-
modulated carrier signals (LI, 17. L3). provides spectrum filtering to cinitlte
out-of-band emissiots, and combines these signals into a co=on port for

simultaneous tran6*issioU to the antenna. The SV auteona radiates the GPS and
10tDS signals.

The RF-radi4ted navigation signals are provides by a MIN assembly on the
NA7 *bsystea on board each SV. Navigation data required by the NAV user will
be updated by the HCS through the ULS. These data are stored in the %AV

eneory/processor codule of the baseband processor.

T11e NAV subsystem is capable of operating in the nine =*des shlom in
Table S. The codes are differentiated by tZe specific combinations of P and
CIA signals on LI and L2. Nodes 7 and 8 are for gtound checkout. The normal

S• • • • mm m m i m • ~ ss mqll m 1
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Table 8. NAV System Operating Modes

L. Link
L1 Link (Reference Only)

Mode P C/A P C/A

1 Normal Normal Normal Note 4

2 Normal Normal Note 4 Normal

3 Normal High Ncrmal Note 4

4 Normal High Note 4 Normal

5 Normal Normal Note 3 Note 3

6 Normal High Note 3 Note 3

7 Note 3 Note 3 Normal Note 4

8 Note 3 Note 3 Note 4 Normal

Standby Note 3 Note 3 Note 3 Note 3

Notes: I. L, link modes are limited to normal P-code or standby
2. Mode control is effected through the TT&C system.
3. No RF carrier is transmitted.
4. Modulation not present.

effective isotropic radiated power (EIRP) for L3 is without a radio astronomy
filter. Adding such a filter will drop the L3 output power level due to the
filter loss. These power levels are developed as shown in Table 9 and
Figure 25. Note that the principal plane cut is deliberately shaped as shown to
provide uniform signals to the user after atmospheric attenuation is considered.

The carrier frequencies for the L1 and L3 signals are coherently derived
from the *nominal) l0.23-MHz oscillator frequency. To compensate for general
relativistic effects, the actual SV standard frequency is 10.22999999545 MHz.
The nominal carrier frequencies are 1575.42 MHz for L1 and 1381.05 MHz for L3 .

A radio astronomy study was performed to predict the eaergy in the radio
astronomy band due to IGS L-band transmissic~n. The envelopes of the Ll and L3
spectra are shown in Figures 25 and 26, respectively. The analysis, verified by
test in an anechoic chamber at full power, indicated that using the current
triplexer L3 filter allowed some lou-level energy from L3 to fall within the
radio astronomy band. However, interference with the radio astronomy service
(RAS) will be minimal due to the 'ow L3 duty factor (Lne time L3 is transmitting
divided by the radio astronomy integration time).

The transmitted spectrum, using an in-line filter (which may be added to.
the L3 transmitter output if required), is illustrated in Figure 26. This
in-line L3 filter would decrease the L3 signal in the 14C0- to 1427-MHz band by
approximately 27 dB beyond the levels achieved by the current triplexer,
virtually assuring no RAS interference even with an increased L3 duty cycle.
Such a filter is not required by the L3 frequency developmental authorization
but may be included on NDS 6 if available.
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Table 9. FSV 6 EIRP at Channel Center Frequency

Characteristics L1 L2 L3

Transmitter total output power level (dBW) 17.1 10.4 11.76

Losses
Transmitter to triplexer cable
Triplexer insertion loss (dB) -0.9 -0.9 -1.92
Triplexer to antenna cable

RF power level at antenna input (dBW) 16.2 9.5 9.84

Antenna gain* 'dB) 12.8 11.3 11.3

EIRP (dPO ) 29.0 20.8 21.14

*Worst case at EOE
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Figure 25. Ll P Signal - Flux Deusity At Ground Versus Froquency
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Figure 26. L3 P Signal - Flux Density at Ground Versus Frequency

3.6.1 Code Waveform Characteristics

The phase noise spectral density of the unmodulated carrier is such that a
phase-loct.ed loop of 10-lz one-sided noise bandwidth will be able to track the
carrier to an accuracy of 0.1 radian rms. The typical transmitted carrier phase
nvise spectral density versus frequenct ia given in Figure 27.

In-banZ sporious transmission is less than -50 dB referred to the
unmodulated carrier level. The definition of in-baad channel allocation for
both the Li and L3 carriers is +10.23 MHz about the center frequency.

3.6.1.1 Equipment Group Delay Variation. Equipment group delay variation
ic the uncertatiityln group delay ats observed at the 1. radiated output. The
rffective group delay uncertainty of Ll does not exceed 3.0 nanoseconds
(2 sigma) in uoneclipsa orbits or 5.0 nanosecondwi (2 sigms) during ectlipue
cond it ions.

3.6.1.2 Timing Accuracy. The code6 will always be maintained by the
tontrol segment within 976 microseconds of system time for each SV. In
addition, the effective time difference between spAce vehicle time and system
time is maintained within 10 microseconds. Space vehicle time is the
mathenatical combination of the PRN code phase and the tiwe synchronization
tervo in the space vehicle almanac.

45



Space Opertions/Int"ration & lh Rockwell
Satellfit Systms Osiaon International

NOTE; LIANO VALUES IN DSA'Z = 10.23 MHz VALUES +OSo A/HZ

LEGENDi:
SMEASURED DATA
-- - ESSTIMATED DATA

1.0 A.UTONETICS (SN 1109) -1410S• N&S (SN 1(801

"so - 14

NAVSTAR GPS SPECIFICATION AT 10.23 ,4.5

1/ ,0 14.1

20 120- 102.410

14 - -014
i- O°-16 -0.014

t o-, too to, ,o2 t03 l o' •°

OFFSET FiRQUENCY (Hz'

Figure 27. Typical Transmitted Carrier Phase Noise
Spectral Density Versus Offset Frequency at 10.23 MHz

3.6.1.3 Antenna Polarization. All transmitted signals (il, L2, L3) are

right-hand .ircularly polarized.

3.6.2 User-Received RF Signal Levels

3.6.2.1 Minimum GPS Signal Levels. Whenever the SV is above a 5-degree
elevation angle, the user-received RF signal levels on Ll and L2 , as a function
of elevation angle, at the output of a 3-dBi (above an isotropic) linearly
polarized receiving antenna (worst orientation), vill be above the levels in
Figure 28. A maximum atmospheric path loss of 2 dE is included. User-received
RF signal levels given are observed vithin the in-band channel allocation. A
worst-cace SV attitude error of 40.5 degree for signal level reduction was used.
The minimum L3 received aigaal strength under similar conditions is -163 dBW,
which includes a coding gain not available to L1 and L2 .

3.6.2.2 L1 Navigation Signal. The primary navigation signal at the Ll
frequency consists of the coaposite P and C/A signals in phase quadrature.
These signals also carry digital navigation data.

The P sigrAl is a continous carrier biphaoe-modutated by a 10.23-Mbps PRH
rmnging code. Etch SV radiates on the same frequency but is differentiated by
code-division-cultiplexing techniques. System data are trannitted by Modulo-2
addition of a 50-bpa digital stream with the ranging code before carrier
modulation.
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Figure 28. GPS Received Power Versus User
Elevation Angle, L1 and L2

The CIA signal (acquisition) consists of a PRN/BPSK carrier with a chipping
rate of 1.023 kbps. Navigation data are Modulo-2 added with the ranging code
and one identical to that carried on the P signal.

P and CIA signals are transmitted on the same Ll carrier in phase
quadrature +100 mr (peak); the relations between composite signal phase and code
states are shown in Table 10. Crosstalk between the P and CIA signals is less
than -20 dB. The total amplitude modulation (AM) on the total composite carrier
observed in the middle 50-nanosecond portion of each chip is less than 1 dB.

Correlation loss is defined as the difference between the radiated SV power
in a 20.46-MHz bandwidth and the signal power recovered in au ideal 20.46-101
bandvidth correlation receiver. The correlation loss apportionent is:

"* SV moau.*ation imperfections 0.6 dB

"* Ideal UE receiver waveform 0.4 dB
distortion (due to 20.46-Mi1: filter)

3.6.2.3 L2 Navigation Signal. The secondary navigation signal generation,
modulation, and data of the L2 navigation signal are identical to those of
the Lk P and CIA signals. Upon co=and, either the P or CIA signal is
transmitted, but not both.
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Table 10. Composite LI Transmitted
Signal Phase and Code State Relationship for Normal Mode

Composite L1  Code State
Signal Phase

(deg) P C/A

0 0 0
-70.5 1 0

+109.5 0 1
180 1 1

3.6.2.4 L3 IGS Signal. The IGS signal at the L3 frequency consists of the
biphase-modulated P signal. This signal carries the digital IGS data. The
P signal is a continuous carrier biphase-modulated by a 10.23-Mbps PRN code.
Each SV radiates on the same frequency but is differentiated by GPS code-
division-multiplexing techniques. IGS data are transmitted by Modulo-2 addition
of a 200-bps digital stream with the PRN code before carrier modulation.
Insertion of a radio astronomy filter will cause some added correlation loss
above that discussed for Ll.

3.6.2.5 Frequency Standard. An accurate frequency standard is provided as
part of the NAV subsystem as a common source for coherently deriving carrier RF
signals and for clocking the PRN generators. The frequency is adjustable via
the TT&C in steps of 4 x 10-12 delta-f/f over a range of +2 x 0-9 dElta-f/f.
The nominal output frequency is 10.23 MHz. Linear frequency drift does not
exceed I x 10-12 per day after 24 hours of continuous operation. The exact
output frequency of the frequency standard adjusted for relativistic effects is
10.22999999545 MHz plus or minus one part in 1011 as maintained by the control
segment.

3.6.2.6 NAV Data Signal. The NAV data are nonreturn to zero at 50 bps.
The complete data message is called a frame, which has a length of 1,500 bits.
Each frame is made up of five subframen, eaýh subframe being 300 bits long.
Each subframe consists of 10 words, each of which is 30 bits long. The most
significant bit (NSB) of all words is transm'tted first.

Each data frame contains telemetry (ThM) words and handover words (HOW),
both generated by the SV and data blocks generated by the control segment. The
data blocks are distributed within the subfraves. Ech subframe contains a TLM
word and a HOW and starts with the TLM/ROW pal-. The TU4 word is transmitted
first, inmediately followed by the ROW. The 1atter is followed by the data
blocks. Thus, a TLM/H0W pair occurs every six seconds in the data frame.

3.6.3 Telemetry Word

Each TLM word is 30 bits long, occurs every six seconds in the data frame,
and is the first word in each subframe. Bit I is transmitted first. Each TLM
word begins with a preamble followed by the TLM message and six parity bits.
Notification of a roll momentum dump is provided by a roll momentum dump flag
in the HOW, a five-bit function code, and eight bits of the truncated Z-count
-ontained in the Z-couut buffer of the SV processor at the initialization of the j
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roll momentum dump. These eight bits are obtained as follows. Of the 19-bit
Z-count, the 3 most significant bits and the 8 least significant bits are
truncated. The remaining 8 bits are placed in bit positions 15 through 22 of
the TLM word. Of any number of roll momentum dumps, the last one will be
recorded. After a momentum dump has taken place, the truncated Z-count for
the momentum dump is overwritten when any other telemetry request has been

processed.

3.6.4 Handover Word

The HOW is 30 bits long and is the second word in each subframe immediately

following the TLM word. A HOW occurs every six seconds in the data frame. The

MSB is transmitted first. The HOW begins with the uppermost significant 17 bits
of the Z-count. These 17 bits correspond to the Z-count at the Xl epoch which

occurs at the start (leading edge) of the next subframe. Bit 18 is reserved for

the roll momentum dump flag and Bit 19 for a synchronization flag. The roll
momentum dump flag (a "1" in Bit 18) indicates that a roll momentum dump has
occurred since the last upload. This flag is reset at a new end-of-message
transmission at the conclusion of the next upload. When Bit 19 is 0, the SV is
in synchronization. Synchronization is defined as the conditiqn in which the
leading edge of the TlM word is coincident with the Xl epoch. If Bit 19 is a 1,
this condition does not exist (i.e., the SV is not in synchronization and
further data may be erroneous). Bits 20 through 22 contain the subframe
identification. These three bits show which subframe is within the frame (see
Table 11).

3.6.5 Data Block I

The content of Data Block I is the SV clock correction parameters. These

parameters are the three polynomial coefficients, a0 , a1, and a2; the LI/L 2

correction term for the L1 user, TGD; the eight ionospheric correction

parameters cn and Bn, n - 0, 1, 2, 3; a reference GPS time since weekly
epoch, toc; and the age of data (clock), AODC. The GPS weekly epoch occurs at
midnight Saturday night, Sunday morning.

The polynomial describes the SV PRN code phase offset, 6tSV, with respect
to GPS system time, t, at the time of data transmission. These coefficients
describe the offset for the interval of time (one hour as a minimum) in which

the parameters are transmitted. The polynomial also describes the offset for an
additional half hour (i.e., half an hour after the beginning of transmission of

the next set of coefficients) to allow the user time to receive the message for

Table 11. Subframe Identification

Bit 20 21 22 Subfrane I

o 0 1 1
0 0 0 2
0 o 1 3
1 0 0 4
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the new interval of time (one hour minimum). The AODC indicates the GPS time of
week at which the correction parameters were estimated to provide the user with
a confidence level in the SV clock correction.

3.6.6 Data Block II

The content of Data Block II is the ephemeris representation parameters.
These parameters are an extension to Keplerian orbital parameters describing
the orbit during the interval of time (nominally one hour) for which the
parameters are transmitted. They also describe the orbit for an additional half
hour to allow the user time to receive the message for the new interval of time
(one hour). The definitions of the parameters are given in Table 12. The age
of data parameters indicates the time of week at which the parameters were
estimated.

3.6.6.1 User Algorithm for SV Ephemeris Determination. The user computes
the earth-fixed coordinates of position of the SV with a variation of the
equations shown in Table 13. Data Block 1I parameters are Keplerian in
appearance. The values of these parameters, however, are obtained via a
nonlinear least-squares curve fit of the predicted SV ephemeris (time-position
quadruples t, x, y, z).

3.6.6.2 Block II Format. Data Block II occupies the third through tenth
30-bit words (including parity) of the second and third subframes. Values for
Data Block II parameters are given in Table 14.

3.6.7 Data Block III

The cotutent of Data Block III consists of almanac data for 25 SV's. When
required, the almanac message for dummy SV's is transmitted to maintain 25 pages
within the almanac table. The dummy SV's are designated as the 0th SV.
Identification is via the SV-ID parameter (i.e., bits 61 through 66 in the third
word of the fifth subframe will contain zeros). The almanac message for the
dummy SV's contains a simple bit pattern. For 12 or fever SV's, almanacs may be
repeated within the table. The almanac is transmitted on a rotating page basis.
The control segment schedules almanac transmission on a per vehicle basis in
such a manner as to allow for recovery of the almanac table.

3.6.7.1 Almanac. The almanac is a subset of the Data Block I and II
parameters with reduced precision plus SV health and identification. The user
algorithm is essentially the same as the one used to compute the precise
ephemeris from Data Block II parameters (see Table 14). The almanac content for
one SV is given in Table 15. All parameters appearing in the equations not
included in the content of the almanac are assumed to be zero. A close
inspection of Table 15 will reveal that the parameter 6i it transmitted, as
opposed to the indication in Table 13 that the value is cooputed. In this
respect, the application of Table 13 equations differs between the almanac and
the ephemeris.

3.6.7.2 Almanac Reference Time. The almanac reference time. toa, is the
multiple of 2 17 seconds truncated from 3.5 days after the time that this
applicable almanac begins transmission. The almanac will be renewed every
six days at a minimum. Therefore, the almanac reference time is not ambiguous.
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Table 12, Elements to Earth-Fixed Coordinates

M Mean anomaly at reference time

0

An Mean motion difference from computed value

e Eccentricity

r Square root of the semi-major axis

a Right ascension at reference time
0

1 0inclination angle at reference time

w Argument of perigee

SKRate of right ascension

uc Amplitude of the cosine harmonic correction

term to the argument of latitude

Cus Amplitude of the sine harmonic correction

term to the argument of latitude

C Amplitude of the cosine harmonic correction
Crc term to the orbit radius

C rs Amplitude of the sine harmonic correction

term to the orbit radius

Amplitude of the cosine harmonic correction

iCi term to the angle of inclination

Amplitude to the sine harmonic correction

term to the angle of inclination

t oe Reference time ephemeris

AODE Age of data (ephemeris)
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Table 13. Data Block II Definitions

3.956008 x 1014 meters WGS 72 value of the earth's univer-
sec sal gravitational parameter

- 7.292115855 x 10-5 rad WBS 72 value of the earth's rotatione sec rate

A- (VA) 2  Semi-major axis

n U3 Computed mean motion
0- A

tk t - toe Time from epoch

n - n + An Corrected mean motion

S= M + nt. Mean anomaly

Mk E-k - e sin Ek Kepler's equation for eccentric
anomaly

cos vk - (cos Ek - e)/(1-e cos Ek)

ie sin /(l-e cos E)I True anomalysin vk /I- e' si

S-vk + W Argument of latitude

6uk o Cus sin 2 + C cos 20,. Argument of latitudeO+ uc r, oreto Second

6t * CCos sin 2 cretharmonic
Ik rc k- + Crs k Radius correction perturbations

a ik 0 Cic cos 2€k + Cis sin 2 k Correction to
inclinationI

uk - k + 6uk Corrected argument of latitude

r - A (1 - e cos E.) + 6r Corrected radius

'k - 'o + "ik Corrected inclination

X, W r k Cos Positions in orbital plane

- rk sin Ilk

o + e) - "'to Corrected longitude of ascending node"k o + (") atoe
•k "• cog " k y-v .cos•i su I

si- n". ,i• + V. cos 4 cos4 I Earth fixed coordinates

k "Yk sin i k

*Asterisk indicates GPS system tine at tine of transmission, i.e., GPS time

corrected for transit tine (range/speed ofl li&ht)
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Table 14. Data Block II Parameters

Parameter No. of Bits Scale Factor (LSB) Range* Units

AODE 8 211 524,288 seconds

Crs 16 2-5 +1024 meters

&n 16 2-43 +4E-9 semicircles/sec

1t0  32 2-31 +1 semicircles

Cuc 16 2-29 +6E-5 radians

e 32 2-33 0.5 dimensionless

Cus 16 2-29 +6E-5 radians

V 32 2"19  8192 meters 11 2

toe 16 24 604,784 seconds

Spare 6 - -

Cic 16 2-2 9  +6E-5 radians

0.0 32 2-31 +1. semicircles
Cis 16 2-29 +6E-5 radians

io 32 2-31 +1. semicircles

Crc 16 2-5 +1024 meters

S32 - +1 semicircles

2 1-4 HE.O.24 2-35E-_5 semic ireles/sec

Spare 22 ei-

*(.) indicates that the sign bit vill occupy the most significant

bit 01SB),.

GPS time, t, never differs from toa by more than 3.5 days. If the magnitude of
t-toa is less than 302,400 second&, to, will be used as is. If t-toa > 302,400,
add 604,800 seconds to toa before use. Similarly, if t-toa -s -302,400, subtract
604.800 from to, before use.

3.6.7.3 Aging Parameters. The clock aging parameters consist of a first-
order polynomial, which when ued to adjust SV time, provides time to within
10 microseconds of GPS time. The polynomial is described by an eight-bit
constant term, ao, and an eight-bit first-order term, al. The clock correction
to the SV M code phase time. tSV. is applied as follovs

t * tSV- -tS

where

t • •S time (seconds)
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Table 15. Data Block III Content

Parameter No. of Bits Scale Factor (LSB) Range* Units

ID 8 1 255 discretes
16 2-21 2-5 dimensionless

toa 8 212 602,112 seconds

i 16 2-20 +2-5 semicircles
SV health 8 1 255 discretes
p. 16 2-38 +2-23 semicircles/sec

11 131/224 2-11 213 meters

24 2-23 +1 semicircles

24 223 +1 semicircles

1to 24 2 +1 semicircles

a0  8 2-17 +2-10 sec
-28

a, 8 -35 +2 sec/sec

Spare 6 _ _

*(+) indicates that the sign bit will occupy the most significant
bit (.SB).
i0 - 0.349609375 semicircles .33333... - 60-degree inclination.

L !ote: All binary numbers will be two's complement.

tSV %,SV PR code phase time at transmission (seconds)

and

atsv - 0 + aI (t - to&)

where

t0oa almanac reference time (GPS time value)

3.6.7.4 SV Heq1th and S -ttus. The satellite health word occupies bits 137
through 144 of the fifth subframe. The three most significant bits (i.e..
bits 137, 138, and 139) indicate the health of the navigation data. The
remaining five bits jedicate the health of the signal components. The format of
the satellite health vord follows:

Bits

137 138 139

0 O 0 All data OX

0 0 1 Parity failure -- sce or all parity bad
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Bits

137 138 139

O 1 0 TLM/HOW format problem--any departure from standard format
(e.g., preamble misplaced and/or incorrect, etc.) except for
incorrect Z-count as reported in HOW

0 1 1 Z-count in HOW bad-any problem vith Z-count value net
reflecting actual code phase

1 0 0 Data Block I and/or II-one or more elements in Data Block I
and/or II are bad

1 0 1 Data Block III-one or more elements in Data Block III are bad

1 1 0 All uploaded data bad-one or more elements of Data Block I
and/or II and III are bad. Note that this could be used to
preclude erroneous use of a vehicle not being serviced by the
MCS.

1 1 1 All data bad-TLN and/or HOW and one or more elements in Data
Blocks I and/or II and III are bad

Bits

140 141 142 143 144

0 0 0 0 0 All signals OK

0 0 0 0 1 All signals veak (i.e.. 3 to 6 dB belov specified
pover level due to reduced pover output, excess phase
noise. SV attitude, etc.)

0 0 0 1 0 All signals dead

0 0 0 1 1 All signals have no data modulation

0 0 1 0 0 L1 P signal veak

o 0 1 0 1 L1 P signal dead

0 0 1 1 0 L1 P signal has no data uodulation

0 0 1 1 1 L2 P signal veak

0 1 0 0 0 L2 P signal dead

0 1 0 0 1 L2 P s lgnaI has no data modulation

0 1 0 1 0 Ll C signal vesk

0 i 0 1 1 Ll C signal dead

= ,5
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Bits

140 141 142 143 144

0 i 1 0 0 LI C signal has no data modulation

0 1 1 0 1 L2 C signal weak

O 1 1 1 0 L2 C signal dead

0 i 1 1 1 L2 C signal has no data modulation

1 0 0 0 0 P signal weak

1 0 0 0 1 P signal dead

1 0 0 I 0 P signal has no data modulation

1 0 0 1 1 C signal veak

1 0 1 0 0 C signal dead

1 0 1 0 1 C signal has no data modulation

1 0 1 1 0 LI signal weak

1 0 1 1 1 Ll signal deed

I 1 0 0 0 Ll signal has no data modulation

I 1 0 0 1 L2 signal week

I I 0 1 0 L7 signal deed

I 1 0 1 1 L2 signal has no data codulation

1 1 1 0 0 SV is teepororily out-do not use this SV during
curreot pass

I I 1 0 1 SV vill be tenporarily out--do not use this SV during
ptriod for which alr-manc is valid

I I I 1 0 Spare

I I I I I Spare

3.6-7.5 SV Identification. The satellite ID word occupies Bits 61 through
68 of the fifth subframe. The two most significant bits designate the ICW
revision to which that satellite complies.

3.6.77. Data Block IllI Format. Data Block III occupies the third through
tenth vord (including parity) of the fifth subframe. The ntzber of bits, the
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scale factor of the least significant bit (LSB), and the range and the units of
the parameters are as specified in Table 15.

3.6.7.7 Message Block, The message block occupies the third through tenth
30-bit word (including parity) of the fourth subframe. The message block
provides space for the transmission of 23 eight-bit ANSCII characters. The
remaining eight bits do not bear information.

3.6.7.8 Parity. The parity links 30-bit words within and across subframes
of 10 words. The SV computes parity only for the TLM word and HOW, the first
two words of the 10-word subframe, using the Hamming code. Toe satellite parity
computation computes zeros for the last two bits, D29 and D30, of both the TIM
word and HOW., The parity of NAV data words 3 thruugh 10 are computed by the
control segment in accordance with the (32, 26) Hamming code.

3.6.7.9 User Parity Algorithm. As far as the user is concerned, several
options are available for performing data decoding and error detection.
Figure 29 presents an example flow chart which defines one way of receiving data
(dn) and checking parity. The parity bit D30 is used for recovering raw data.
Parity bits D29 and D30, along with the recovered raw data (dn), are Modulo-2
added for D25 . . . D30 which provide computed parity to compare with
transmitted parity D25 . . . D30. Regardless of the parity encoding scheme used
for satellite transmission during Phase I, the user's parity algorithm will be
transparent (no change required) to the encoding scheme.

YES NO

[i..D 4 CON~..N

TO O•AIN 1 ... D44
•O 1TAIh

BIgUrE d9. 424FU llo,,DA AM, D3"o INTO
PANTl IY E'QUATI ONS
(TABL.E X'V)

NO 025.. 01 N YES

of Parity Algoritlu
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4. GPS/IGS SUBSYSTEM DESIGN

4.1 REQUIREMENTS AND CONSTRAINTS

The subsystem requirements include full exploitation of the design for all
subsystems to iuinimize cost, risk, and impact on schedule while maximizing
performance reliability an-i legacy. Placement of the IGS on the GPS satellite
was constrained by the capability of the GPS vehicle to support the added
hardware. Also, a functional constraint imposed on design efforts was that the
IGS system in no way compromise the basic mission of zhe GPS satellite.

4.2 IGS DESIGN

The IGS!GPS overall block diagram is presented in Figure 30 as an
introduction to IGS operation. To accomplish accurate three-dimensional
location of nuclear events, the IGS user requires burst detection time of
arrival information (TOA) from the GPS system. Th• TOA and signal
characteristicr are supplied to the L3 transmitter channel for transmission to
the user. Operation of the system can be traced from the X and Y detectors.
Analog visible light and X-ray signals are converted into digital information by
the sensor processor. The time of a detected arrival and signal characteristics
are determined by the BDP, converted to digital information, and passed along
via a buffer memory with an enable gate to the L3 encoder. The L3 encoder
performs block differential, and convolutional encoding of the data from the
sexsor processor. The resultant signal is reclocked at 10.23 MHz and provides
modulation for the transmitted L3 signal.

The L3 encoder and the sensor processor use 200- and 400-Hz inputs from the
timing interface assembly, which is locked to a 100-Hz signal from the baseband
processor. The L3 transmitter unit multiplies the 10.23-MHz signal from the
baseband processor by a factor of 135 to achieve the 1381.05-mHz frequency. The
1381.05-MHz carrier is modulated at 10.23 MHz and then amplfied to a worst-case

5I-watt RF power le,.el. The output RF (1381.05 MHz) is fed to the L-band
triplexer, where it is combined with the Ll and L2 frequencies and applied to
the L-band antennas. The IGS system also uses the GPS TT&C subsystem to receive
cocmands ard transmit state-of-health data.

The IGS components consist of the followng:

"* Burst detector processor (BDP) and senaors

"* Baseband/processor (BBP)

"* L3 encoder

"* L3 transmitter and switch box

"* Frequency synthesizer
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"* Multiplier/filter a.sembly

"* Automatic gain control (AGC) amplifier

"* QPSK modulator

"* Intermediate-power amplifier (IPA)/high-power amplifier (HPA)

"* Power mnonitor

"* RF switch box

"" L3 transmitter power supply

"* L-band triplexer

"* L-band antenna

-* Timing interface box

4.2.1 Burst Detector Processor (BDP) and Sensors

Both the sensors and the BDP are GFE manufactured by Sandia Corporation.
Much of the information pertaining to the performance of these components is
classified and has been omitted from this report. The basic IONDS
sensor/processor spacecraft requirements are listed in Table 16. A functional

Table 16. Burst Detection Sensor Spacecraft Requirements

Pointing accuracy: +0.5 deg

,aximtm pointing drift rate: 0.01 deg/sec

Optical/point ax,s align: +0.1 deg

Ficid of View:
A. Unvignetted: 29 deg
B. BUY Fully vignetted: 22.5 deg (half

angle)

Sensor inputs from GPS: Power: on/off control
Timing: Z-count and clock
Commands: 8 discrete

14-bit serial
Control signals for: Commands

SOH
Timing

Sensor outputs to GPS: Payload data: 200 bits
SOH: 2000 bits/day

8-bit parallel vords
Interrupt control
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block diagram of the sensors and the GBD is shown in Figure 31. Required

satellite interfaces are denoted by the circled numbers.

4.2.2 Baseband/Processor (BBP)

The BBP is a basic component of the GPS NAV subsystem. This unit has been
modified to support IGS operations in several ways:

1. Supplies l0.2 3 -Mz clock for synthesizers and fine grain timing
purposes

2. Sopplies P code for both NAV and IGS data for identification and
spectrum spreading

3. Supplies Z-count, clock, and Xl epoch signals for IGS data annotations

The 10.23-MHz clock signal is derived from an atomic standard and permits
precision synchronization of data and events occurring at the SV. The P code
signal is unique to each vehicle. The 50- and 200-bus NAV and IGS data streams
are MYodulo-2 added to the P code, which primarily provides the SV identification
and secondarily allows code tracking of interrupted IGS transmission in the
absence of a signal.

The Z-count is used for coarse timing of events. The Z-count, together
with correction coefficients derived from the 50-bps data stream, is employed by
the user to correlate events with GPS time, which, in turn, coordinates all SV
events to a single time reference.

The XI epoch is used as a "fiducial" to provide a precise 1.5-second time
base to establish time between Z-counts. The 10.23-MHz signal is up-counted
with the Xl epoch used to establish the count period. The sum of the Z-count
and the counter contents are used to time events to an accuracy within a few
tens of nanoseconds.

A simplified functional block diagram of the BBP is presented in Figure 32.

During the IGS development phase, an IGS engineering model BBP was created
by eliminating the baseband board 2 section of the unit and replacing it with an
IONDS interface board. The board provided buffered, redundant output signals to
both the IGS and SCT payloads. These signals consisted of the 10.23-MHz clock,
Z-count, Xl epoch, and 100-Hz clock signals described earlier. This unit was
employed in all of the systems tests discussed later. The unit is shown in
Figure 33.

The extent of these BBP modifications required that the BBP's volume be
increased by 1/3, which would have nullified the unit qualification status.
Initially, the BBP was to be radiation hardened, requirir~g extensive
modifications that also would have invalidated its qualification status.
Subsequent decisions which precluded hardening of the 8BP until Phase III
resulted in a minimum baseband modification concept that preserved the BBP
packaging by adding functions to Lhe encoder discussed below. The functional
growth of the encoder resulted in the timing interface and encoder (TIE)
assembly.
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4.2.3 L3 Encoder

The purpose of the L3 encoder, shown in Figure 35, is to improve the bit
rate (5 dB) by encoding data from the BDP. Logic circuits are basically low-
power Schottky TTL and were initially designed to perform block differential,
and convolutional encoding. The final operational version will probably use a
block/convolutional/interleave/differential sequence. A signal for use by the
TT&C subsystem is also provided upon recognition of a 24-bit synchronization
word at the beginning of each data block. Finally, convolutionally encoded data
are Modulo-2 added with a 10.23-MHz PN sequence supplied by the baseband
subsystem. The resultant signal is reclocked at 10.23 )Hz and is the modulation
signal for the transmitter.

The block encoder section (see Figure 36) consists of a 22-bit shift
register and an array of exclusive OR gates to perform division of the incoming
message data, m(x), by the polynomial divisor p(x) where

p(x) u x2 2 + x20 + x14 + x1 3 + x12 + xll +x8 + y7 + x5 + x3 + x + 1

The first 24 bits of data at the beginning of each data block describe the
synchronization word. Therefore, two extra shift register stages are added at
the end of the 22-bit register to assist detection of the 24-bit sync word.
Upon detection of the word (via a series of gates), a pulse is generated which
toggles a flip-flop. The TT&C subsystem periodically samples the state of this
flip-flop.

The actual division process uses 22-shift register stages and begins when
the enable signal from the BDP is true. Division continues until the enable
signal toggles false. Then, the current remainder, r(x), 22 bits in the shift
register is immediately shifted out. The remainder (or parity tail) is gated
contiguously following the input data stream that was sent directly to the
differential encoder when the enable signal was true.

After the 22-bit parity tail is shifted on to the differential encoder, two
more zero (or false level) bits are added to complete the tail. The zero bits
are provided as error status bit locations.

The resultant signal (serial stream) sent to the differential encoder
section then consists of the original message bits followed by the parity tail
and 2 zero bits.

The differential encoder, shown in Figure 37, continuously stores each
output data bit in a delay flip-flop, whereupon the stored bit inverts the
following input data bit only if the stored bit is true (or 1). If the stored
bit is false, the following input bit is transmitted unchanged and becomes the
next stored bit. This technique then encodes data ones and zeros into data
transitions and eliminates ambiguity when the data are later decoded since the
RF carrier has a 180-degree phase ambiguity if it is tracked using only the
modulated received signal. The penalty for differential encoding-decoding is
approximately 0.1 dB in perforcance.

The output of the differential encoder is sent to the convolutional encoder
(, Figure 38). This logic consists of a 7-bit shift register and
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Figure 35. L3 Encoder Block Diagram
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DATA
+ 0 Q
PARITY FLIP

200 Hz FL)P

MANUAL
DISABLE

TO CONVOLUTIONAL
ENCODER

DIFFERENTIAL ENCODING 
,

- TRANSPARENT TO 1800 CARRIER PHASE AMBIGUITIES.
- DATA ONES AND ZEROS CHANGE OR NO CHANGE, RESPECTIVELY, THE

NEXT INPUT BIT IN THE CONVOLUTIONAL ENCODER INPUT STREAM SO
THAT INFORMATION IS CONTAINED IN DATA TRANSITIONS.

- TESTED WITH LINKABIT MODEL LV7015 FOR COMPATIBILITY.

Figure 37. Differential Encoder Block Diagram
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figure 3. Con'volutional E=odr Block fliar=ii
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"exclusive-OR" gates to generate parity values on the shift register contents
compatible with the Linkabit Model LV7015 convolutional encoder/decoder
algorithm. The outputs of the two parity arrays are selected alternately by a
select gate driven by both phases of the 200-Hz clock. The alternately selected
output is exclusive ORed with the PN sequence and reclocked at 10.23 MHz. The
reclocked signal drives the modulator via a transistor switch.

The clocking signal for the final synchronizing flip-flop is obtained by
amplification and squaring of the incoming 10.23-NHz sine wave. The squaring is
accomplished by overdriving the amplified sine wave coupled with a Schmitt
trigger-type circuit.

The 200-Hz timing clock derived from the 4 00 -Hz clock, is provided to
preset the flip-flop in the state that will allow the positive going edge of the
200-Hz clock to sample incoming data near the center of each bit duration. The
encoder is totally redundant and is controlled by switching oa the appropriate
5-volt power supply. To achieve this design, 24 loy-power Schottky IC's,
2 transistors, and an assortment of resistors and capacitors were used. Maximum
power dissipation is approximately 1.6 watts for any one unit.

4.2.4 L3 Transmitter and Switch Box

The IGS transmitter subsystem consists of two transmitters, A aad B, a
switch/power divider assembly, and a redundant encoder assembly, as shown in the
overall operational block diagram in Figure 39. The switch power divider is
mounted on transmitter B and is considered a part of transmitter B. 1 The
encoders are independently mo,tnted to the GPS bulkhead and are wired to the data
input of transmitters A and B via shielded :oaxial cable. Figures 40, 41, and
42 define the operational charactzristics of the L3 transmitter, the L3
switch/power divider, and the L3 ent.zer aasemblies, respectively.

A block diagram of the transmitter assembly is shown in Figure 43. The
1381.05-M0lz output frequency is derived from the GPS 10.23-HHz rubidium standard
and is modulated and amplified as described below.

The transmitter assembly consists of five major elements: (1) the
frequency synthesizer, (2) the multiplier/filter assembly, (3) the AGC
amplfier, (4) the SPSK/QPSK vadulator, and (5) the power amplifier 4ssembly.
The EDM design details follow; minor chag*es h4ve been =-de for producibility
into llig:at hardware.

4.2.5 Frequency Synthesizer

The synthesizer consists of * Colpitts VCO operating at 153.45 nit and
phase-locked to the rubldiu= standard. (Synthesizer characteristics Are
st~arized in Table 17.) The aechanization uses etitter-coupled logic to
provide the frequency division (divide by 30), which is phase-compared at
5.115 At (rubidit= standard divided by 2), as illustrated in Figure 44. The
VO0 is buffered at the output to ensure vinict.s pulling and adequate drive to
the subsequent circuitry. The VCO and loop filter are packaged independent of
the loop logic circuitry using hybrid technology. resulting in two =ultipin
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P CODE PROCESSOR f-265 voc

p-J P-OD. TRANSMITTER CHARACTERICTICS

SWTHFREOUENCY OUTPUT: 1381.05 MHz
IVDE POWER OUTPUT: 12.3 yaw

TRANSMITTE MODULATIC" BPSK

4 STB INPUT RF FREQ,, lu.23 M1Iz
102 MZ T &\\INPUT RF POWER, -3.3 + .4Mca

RF POWER OUTPUT MON: 0'-35,i voc
~CHAN A &a)

THERMAL OUTPUT MON: (CHAN A&B)

SINPUT POWER: 76 WATTS
INPUT VOLTAGE: 26.5 voc

ýWEIGHT (rCACH CHANNEL); 6.3 LB

5A SIZE (EAC,ý~i FHVN : 7.5" x 8.3ff x 3 Tr

Figure 40. L3Transmi~tter Characteristics (E014)

P CODE PROCESSOR' 25.5 vDc CHARACTERIStItS

10C 2-4 POWER DIVIDER INPUdOUTPUT
P CODE T'AISMT FRFoI1Fcy iNPUT 10.23. a +5,2 + 1.4 DmN

I DATAT, A

____________WI_____ HEC -8±1.4 DBm

1QR' RF OUTPUT PROCESS -. 8 t1.4 Dntm
WTO TXA '-3.8 ±1.4 ogm

TR IPLEXER
TRNMITTER 7B-3.8 ±1.4 D8m

BENCODER -3.8 1.4 oam
,112-~z TSTBTEST -- 3.8 i 1.4 Dam

SPOT COAXIAL SWITCH

26.5 VOC CONTROL VOLTAGE
3.28SPDT CONTACTS USED FOR TX STAT'US INDICATIOR

1,0WEIGHT: 0.8 LB
£.40SIZE: 4t.OJ x 3.18 x 1.40

Figure 41. L3 Switch and Power Divider (EDM)
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P CODE PROCESSOR 26,5 voc
MC 10.23 MH TRANSMITTER• CHARACTERISTICS

+ AAINPUTS: P CODE

"10.23 mz

DIVIDR RF400 B/S CL.OCK

TRNSITER OU0U 200 3/s DATA
TRANSITTER TRI PLEXER -.

10.23 MHZ BENABLE GATE10.23 MHZ T T B JOUTPUTS: (P + DATA)L--26.5 vDC
MONITOR (CHANNEL A & B)

INPUT VOLTAGE: 5.0 V DC (CHANNEL A & B)

00 POWER INPUT: 3 WATTS
WEIGHT: 1.7 LB
SIZE: 1,75" x 5.00" x 4.25"

CRANGES fROM PDR

Figure 42. L3 Encoder
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Figure 43. L3 TransmitLer Assembly Block Diagram
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Table 17. L3 Frequency Synthesizer Characteristics

VCO used as basic frequency source at 153.45 MHz

Phase-locked to 10.23 MHz GPS clock

Low phase noise - long-term drift determined by GPS

High-frequency stability

Active output leveling

Active frequency multiplication to 1381.05 MHz

RF power output 16 mW

Spurious levels

In-band greater than 56 dB below signal

Out-of-band greater than 66 dB below signal

Turn-on speed < 100 msec

CHARACTERISTICS

NOISE:
03 LOOP IN BAND SPURII 56 DB

T F I LTE$- OUT OF BAND SPURII 66 DB
FFTV C 6: 100 MR IN 10 HZ BAND LOOP

EXTENDING FROM 2-12 HZ

RF POWER:

V 3 10 AMP 4 INPOT -3.8 + 1.4 DBM

INPUT FREQ, 10.23 MHZ

OUTPUT 13.6 + .5 DBM
OUTPUT FREQ, 1381.05 MHZ

DC POWER:

VCO LOOP FILTER +20 VDC 60 MA

SLOOP LOGIC + 5 VoC 80 MAx3 +20 VDc 7 MA

x3 +20 VDC 20 MA
" , AGC +20 VDC 30 MA

AC-12 VDC 10 MA
Q 13L-I1MHZ A MP

TEMP-QUALIFICATION
-340c TO+71 0 C

Figure 44. L3 Synthesizer Mechanization
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flat-pack hermetic enclosures connected by standard printed circuit board
techniques. The loop logic and loop filter/VCO schematics are shown in Figures
45 and 46. Loop filter/VCO performance data is listed in Table 18.

4.2.6 Multiplier/Filter Assembly

The times nine (X9) multiplier consists of 2 times three (X3) multipliers
in series, followed by a four-pole, 0.l-dB ripple microstripline filter.
Multipler characteristics are listed in Table 19. The X9 schematic is shown in
Figure 47.

The first X3 multiplier uses a 2N2857 transistor whose input is matched at
153.45 MHz and idled at the second harmonic to ensure high-efficiency tripling
action. The output is matched and padded slightly (3 dB) to minimize tripler
interaction due to temperature and aging effects. The multiplier design uses
lumped element and microstripline techniques on an alumina substrate.

The second tripler uses an HP21 transistor to provide adequate gain and
power output at 1361.05 MHz. This tripler also uses lumped and distributed
elements to accomplish good input/output matching. Idling is again absorbed
into the input matching circuitry to optimize multiplier efficiency. This
circuit is also built on an alumina substrate.

The filter assembly eneures adequate out-of-band (+50 MHz) spurious
rejection resulting from the X9 multiplier. The filter is an edge-coupled
microstripline type, built on 25-mil-thick alumina substrate. The filter is
designed for 6-percent bandwidth and provides a Chebyshev response.

4.2.7 AGC Amplifier

After filtering, the output is amplitude-leveled by an AGC circuit. The
AGC amplifier is operated Class A and uses a circuit layout similar to the
output stage of the frequency multiplier (see Figure 48). The output is sampled
by a lQ-dB coupler and the amplitude detected by a diode detector. The filtered
output drives the inverting input of the operational amplifier. Included in the
operational amplifier's feedback loop is a PIN diode. This PIN diode is located
in the RF input path of the RF amplifier and effectively functions as a voltage-
controlled attenuator. A stable voltage reference is provided for the
operational amplifier's noninverting input to compare the detected and filtered
RF input signal.

4.2.8 QPSK Modulator

The quadriphase modulator (Figure 49) is designed for high data rate (10
MHz) digital input. It can be used either in the BPSK or QPSK mode. For BPSK
operation, the input carrier is modulated by identical data inputs at the
modulation input ports (data 1 and data 2) or by connecting the ports together.
The output carrier phase, relative to the input carrier, is phase-shifted by 0
or 180 degrees, depending on the data input.

For QPSK operation, the input carrier is modulated by two independent data
channels at data I and data 2 input ports. Each data channel consists of a two-
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Table 18. Loop Filter/VCO Performance Data

Loop natural frequency 30 kHz

T 150 sec

Open-loop gain 800

Damping factor 0.8

VCO tuning rate 0.5 MHz/volt

VCO output frequency 153.45 MHz

Table 19. X9 Frequency Multiplier

First Tripler:

Input frequency 153.45 MHz
Output frequency 460.35 MHz

Dc power +20V at 6 mA, 0.12 W

RF Input power 0 dBm at 153.45 MHz
RF output power +3.0 dBm (2 mW) at 460.35 MHz

Second Tripler:

Input frequency 460.35 MHz
Output frequency 1381.05 MHz

Dc power +20V at 11 mA, 0.22 W

RF input power +3.0 dBm at 460.35 MHz
RF output power +13.0 dBm (20 mW) at 1381.05 MHz

level biphase pulse code. The output carrier phase, relative to the input
carrier, is phase-shifted 0, 90, 180, or 270 degrees, depending on the
properties of the data inputs. Power is split equally between the phases (i.e.,
3 dB down from BPSK mode).

Figure 50 shows a simplified vector operation and block diagram of the
quadriphase modulator. The heart of the circuit is the phase shift section,
used as a biphase modulator. The unmodulated carrier signal is split in
quadrature (90 degrees) and fed to each phase shifter. One data input is used
to modulate the 0- to 180-degree phases of the carrier (data 1 input); the other
data input modulates the 90- to 270-degree phases of the carrier (data 2 input).
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Figure 47. X9 Frequency Multiplier Schematic
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Figure 48. AGC Amplifier Schematic
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Figure 49. BPSK/QpSK Modulator Diagram
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Figure 50. Quadriphase Modulator Diagram
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The modulator outputs are then combined by an in-phase power combiner to produce
the four phases, 0, 90, 180, or 270 degrees.

For IONDS operation, data 2 will not be used. The RF input power is kept
to a minimum (+13 dBm maximum) to ensure minimal spurious response. The
insertion loss of this circuit is 5 dB maximum.

The QPSK modulator uses a 2-inch by 2-inch, 25-mil-thick alumina substrate.
The design is based on distributed circuit techniques using microstripline
technology. Each phase shifter section consists of a PIN diode driver
(EMI DD311) which drives two PIN diodes (HP 5082-0001) in shunt parallel. The
90-degree, 3-dB hybrids are interdigital Lange couplers wired so that planar
topology is facilitated for this design. The combiner network is a Wilkenson-
type quarter-wavelength line structure in microstrip.

4.2.9 Intermediate-Power Amplifier (IPA)/High-Power Amplifier (EPA)

Advanced transistor and microwave circuit techniques have been used in the
development of the power amplifier. To achieve maximum efficiency, lowest
junction temperatures (125 0 C), and at least a 10-percent bandwidth over the
temperature range of -21 0 C to +610C, transistors capable of 3.0 GHz operation
have been selected. To ensure reliability, hermetically sealed transistors are
used in conjunction with microstripline technology. To achieve 15.1 watts
minimum transistor output power over the temperature range, transistors are
efficiently paralleled within the predriver and output stages of the HPA.
Combining power stages within the high-power amplifier allows for lower
collector temperatures, less interstage interaction, and reasonable impedance
match. The collector voltage applied to the transistors has been reduced to the
region of 20 volts so that transistor efficiency is optimized.

The IPA/HPA circuit block diasram is shown in Figure 51; the schematic is
shown in Figure 52. An intermediate power amplifier is included in this design
and acts as a high-gain buffer stage between the QPSK modulator and the high-
power Class C amplifier stages. The IPA provides 19 dB of linear gain
and delivers 520 mW to a quadrature hybrid to drive a pair of MSC 2302's
(predriver). Note that additional buffering (stage isolation) is accomplished
via the quadrature hybrid (approximately 20 dB). Advantages of this type of
combining are apparent if the multiplicity effects'of VSWR in interstage
matching of medium- and high-power Class C amplifler design are considered
(i.e., any change in input impedance to the pair of predrivers due to
temperature or device degradation is selected back to the 90-degree hybrid load
and not to the collector of the previous stage). Under worst conditions (base
emitter short circuit at one of the predriver transistors), the isolation to the
previous stage is 6 dB. This corresponds to a VSWR of less than 3:1 as opposed
to infinity. Under normal conditions, the pair of predriver transistors will
track in VSWR over temperature and aging, thus yielding at least 20 dB of
least 20 dB of isolation betwep !ges (1.2:1 VSWR). Another advantage of
hybrid combining is the "gracef gradation" property of this type of design.
Note that if for some reason any one device fails during operation, at least
one-fourth the power is available to drive the subsequent power stage, resulting
in reduced power level at the output port but not total RF power loss.
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The predriver stage supplies another 10 dB of Class C gain at 4.19 watts to
drive a pair of output power stage transistors. Stage isolation is again
accomplished via two low-loss hybrid combiner/splitters. Each power stage
transistor yields 10 watts of RF power for a combined output of 19.1 watts
(combined loss of 0.2 dW).

4.2.10 Power Monitor

The HPA output is fed to a power monitor assembly consisting of a
foreshortened 30-dB coupler (phase - 20 degrees), a 30-dB pad, a shunt-mounted
zero-basis Schottky detector diode, and an operational amplifier. 1 Figures 53
and 54 show the block diagram and schematic of this circuit. The insertion loss
is _0.1 dB. The RF power level incident upon the diode does not exceed -10 dBm,
therefore ensuring square law (linear) operation.

4.2.11 RF Switch Box

An RF switch is provided to connect L3 transmitter A or B to the L-band
triplexer. Considering transmitter B as the redundant transmitter, IONDS
operation of the switch would occur after failure of transmitter A. Since the
L3 transmitter is only up after an event or ground comand, failure of an L3
transmitter will not be automatically detected. After an event, any of the GPS
sai--!Iites in view of an IONDS user and not transmitting on L3 will be
interrogated for status via TT&C. If an event has been noted on one of the
satellites and L3 is not transmitting, ground control will command the RF switch
to eperate and bring up the redundant channel.

Electrical characteristics of the coaxial RF switch are listed in Table 20.
The switch assembly is illustrated in Figure 55.

4.2.12 L3 Transmitter Power Sup•

The L3 transmitter requires 73 watts of power from the GPS 27-volt power
supply. A dc-to-dc conversion is performed in the L3 transmitter which provides
the voltages listed in Table 21. A block diagram of the transmitter power
supply is shown in Figure 56. Schematics of the dc/dc converter and the *20
volt regulator are shown in Figures 57 and 58.

4.2.13 L-Band Triplexer

The GPS system diplexer is designed with two three-pole (Chebyshev)
bandpass filters and matching networks for the common antenna connection as
shown in Figure 59. With the addition of a third signal (1.3) to the antenna
feed, a third bandpass filter is necesnary for adequate isolation between the
three input ports (see Figure 60). In this configuration, the L3 frequency of
1381.05 MQlz has attenuation at LI and L2 equal to or better than either LI at L2
or L2 at Ll, as indicated in Figure 61. This allows L3 operation with no
appreciable degradation to either L1 or L2. The triplexer modification, as
notes in Figures 62 and 63, adds 0.4 lb and 7.3 in. 3 to the diplexer
configuration.
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COUPLER

30 DB BACK BAND STOP

I PAD DIODE FILTER

POWER OUT

Figure 53. Power Monitor Block Diagram

30DB ISDBPAD
COUPLER 136 50 PF 6hH 24nH

> ... . .SoT T71.6 /j ""5-

"'5OPF ;

RF
OUT Figure 54. Power Monitor Schematic

Table 20. Teledyne CS33S6-C-Coaxial Switch

Type of switch SPDT

VS,1.R 1.25:1 dc to 6 GHz

num insertion loss 0.15 dB

Operating voltage 20 - 27 Vdc

I-" power-handling capacity 25 watts

Operating curront 90 A 1=ax

Switch action Break before =ake

Indicator contacts 100 MA, 28 Vdc

Switching time 30 ns max at 20 Vdc
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Figure 55. Coaxial Switch Latching Drive Assembly

Tuble 21, Power Supply Output Requirements

Output ,aximum Nominal ,Laximum MAX imum
Voltage Load Load P nter AC Ripple

(Vdc (amp) (Amp) (watts) (mV p-p)

Z0 + IZ 2.55 2.22 51 150

5.5 + 101 0.105 0.044 0.578 100

5.5 + O 0.3I I 0.3 1.815 100

-12 + 1O• { ..05 0.035 016

Total output power (,ax)- 53.99 vattg

4.2.14 L-Band Antenna

The IGS L3 transaission uses the GPS navigation; helix array antenna (Figure
64) in conjunction with the Ll and L2 signals. N'o oedifications of the antenna
were required due to the addition of tht L3 frequency. However, a detailed
antenna cocpatibility test prograz was conducted to ensure there was no
docradation of Li and L2 antenna perfom-ance iron• the addition of the secondary
payload. A typical L3 principal plane radiation pattern is shown in Figure 65.
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FILTER TRANSFORMER REGULATOR -

- • +5.5V ± IC

RECTIFIER
BLOCKING _swPOWER_____-_,5__

OSC ILLATOR SWITCH AM+.5V *10% (ISO)
.oLrPUT

FIL.TERS

FEEDBACK
CONTROL
CIRCUIT

Figure 56. Power Supply Block Diagram

4.2.15 Timing Interface Box

The timing interface box was required to convert the 100-Hz signal from the
BUP to 400-Hz for input to the L3 encoder and to 200 Hz for use in the BDlP. The
functions of the timing interface box will be incorporated with the L3 encoder
with the TIE box for NDS 6 and NDS 9 thrnugh 12. The function will return to
the navigation subsystem as part of the new frequency distribution network in
NDS 13 (Phase III). A simplified block diagram of the timing interface box is

shown in Figure 66.

The circuic consists of a blocking oscillator connected to operate as a
VCO, a divider chain to divide the oscillator output down to the reference
frequency, a phase detector, and a low-pass filter used as an integrator. The
total configuration is that of a phase-locked loop (PLL),

The VCO is a transformer-coupled blocking oscillator, whose output
frequency is primarily controlled by a resistor capacitor (RC) time constant in
the base biasing circuit. Small variations in the voltage applied to the bias
circuit vary the VCO's output over the range required to keep it exactly N times
the reference frequency. The locked operating frequency of 8 kHz was chosen
to minimize component size, yet not require exact materials for the VCO
transformer.

The division ty N is mechanized with standard T2 L logic and divides by a

fixed value of N equals 80. The counter is tapped at the proper point to
provide the required output frequencies of 400 and 200 Hz. Sowe improvement in
phase stability could be realized if the SN5474 D-type flip-flops were replaced
with an SN54163 four-biL binary counter. The digital-type phase detector
provides a quadrature lock. The output voltage from the phase detector is low-
pass filcered and used to lock the VCO to the reference frequency.
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Figure 59. Diplexer Schematic Diagram
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Figure 65. Triplexer Schematic Diagram

8 8



Space Operations/Integration & d lh Rockwell
Satellite Systems Division International

CARlATED
MEASUREDMEASURED

L
-10 BAND

L2 BAND STOP BAND

Z-20 STO 1575N4
1783.75

I +3±2.5 MHz

O_30-

z I I1575.42

S+ 110.23 MHz

-40 _

-50 1381.05
+10.23 MHz

-60-

-70L I_________ ______ _______

Figure 61. Triplexer Frequency Response Characteristics

CHARACTERISTICS
Ll IN BPFSIZE: 11 X 7 X I INCHESL1 IN. BPF WEIGHT: 3.5 LB

fo 1575.42 MHz RF POWER: 130 WATTS
3 dB BW->150 MHz DISSIPATION: 5 WATTS

L2 IN. 8PF IMPED- BAND REJECT FILTER
,fo 227.6 MHz ANCE fo 1783 + 2.5 LI,L2 ,L3- 127 MHz MATCH fo 18L2°d BW-~150 MHz SECTION MHz OUT

L3 IN, BPF
fo = 1381.05 MHz
3 d3 BW . 60 MHz

Figure 62. Triplexer Block Diagram
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Figure 63. IGS Diplexer/Triplexer Modification

Figure 64. GPSISiPL Anenna
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Figure 66. Timing Interface Box

4.3 IGS/GPS DESIGN INTEGRATION

Integration of the IGS with the GPS spacecraft has only minor impact on the
spacecraft and an insignificant effect on GPS performance.

The IONDS/GPS overall block diagram was shown in Figure 30. The solid
hatched boxes enclosed in the lower part of the figure are 100-percent IONDS
components. The halt-hatched boxes are original GPS components that are also
usee for IONDS functions, The current issue of the ICD must be referred to to
'2&-vnii- actual requirements.

4.3.31. Navigatija Timing Signals

The GPS navigation subsystem p:rovides the sensor processor with dual
redundant Z-count, Xl epoch, Z-count strobe signals, and a nonredundant 200-Hz
clock signal. The nonredundant 200-Hz clock signal is derived in the timing
interface box to support integration tests. The L3 transmitter supplies the
sensor processor with a nonredundant 10.23-MHz clock. The purpose of these
signals is to provide the sensor processor with satellite system time for
determining the time of arrival of the sensor signals. The Z-count is a
time-of-week count which is advanced one step every 1.5 seconds by an Xl epoch
signal. The 200-Hz clock, which is synchronized to the Xl epoch signal, is used
for BDP data transfer. The Z-count strobe is used for Z-count transfer. The X1
epoch is used by the BDP to update the Z-count. The signal and circuit
characteristics are as follows:

Z-Count

Signal type: 20-bit serial, NRZ

Data rate: 100 Hz

True Level 1: +4.5 + 0.5 Vdc

False Level 0: 0.0 to -1.0 Vdc
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Rise/fall times (between 10% and 90% points): 5 ms maximum

Source impedance: 10 kilohms maximum

Load: 1 kilohm ± 10% in series with low-power Schottky T2L in parallel
with less than 50 pF

Cable and connector: Multiconductor

Xl Epoch

Signal type: Pulse

True level: +4.5 + 0.5 Vdc

False level: 0.0 to -1.0 Vdc

Rise time between 10% and 90% points: 100 us maximum

Fall time between 10% and 90% points: 5 ps maximum

Frequency: 1 per 1.5 sec

Duration: 10 + 0.005 ms

Source impedance: 10 kilohms maximum

Load: 1 kilohn in series with low-power Schottky T2 L in parallel with less
than 50 pF

Cable and connector: Multiconductor

Z-Count Strobe and 200-41 Clock

Signal type: Clock

Waveshape: Square wave

True level: +4.5 + 0.5 Vdc

False level: 0.0 to -1.0 Vdc (0.0 + 0.5 Vdc from TI box only)

Rise/fail times (between 10% and 902 points): 5 Us =axicuz

Frequency: 100 Us (Z-count strobe, derived from the frequency standard)

200 Uz (clock. synchronized with the Xl epoch and derived from
the 10.23-MI- frequency standard)

Source inpedance: 10 kilotms maximum (100 11); 50 ohms nacinal (200 itz)

Load: I kilohm 1 10*4 in series with low-power Schottky T2 L in pazallel
with less than 50 pF
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Cable and connector: Multiconnector

10.:3-HHz Clock

Signal type: Frequency reference

Waveshape: Sine wave

Pover level: -0.8 dim ± 1.4 dB for a 50-ohm load with a VSWR less than
1.3:1

Frequency: 10.22999999545 M1z (prior to launch)

Frequency tolerance: +1 in 1011 (system)

Drift: I x 10-12 per day (rubidium) maximum

Drift: 1 x 10-11 per 5 years (:esium) maximum

Cable and connector: Coax

4.3.2 TT&C Commands

The dual command decoder (DCM) provides the sensor processor (ODP) with onedual-redundant magnitude (serial command) and four nouredundant discrete
commands.

4.3.2.1 Hagnitude _Commnds. The command decoder produces dual outputs forthe magnitude command, both of which ar; active and driven by either side of the
command decoder (internal cross strap). Fach output comprises three lines -data. enable, clock. The 20-bit corand format (for input to the AFSCF RTS or
equivalent) is as shown in Figure 67. The output from the command decoder isthe 14-bit data field. The format of the data field is deter'ined by the
processor internal requirements. The data. clock, and enable characteristics
are as follows:

Data

Rate: 200 bps + 104

Signal ty'pe: 1+Z

Tgue level: 4.0 + 1.0 VdC

False level: 0.0 -0.5 Vdc

Rise/fall tioes (beweec 5 us maxi'n
I0Z and 90Z points)

Load impedanee: 90 kilohts to signal ground, minintu
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LEADING
BIT
(FIRST BIT
THMM(ITTRD)

.1 2 3 4 51 6 7 8 92 13 14.15311576181920

1 14 BIT DATA FIELD
FLAG (USER DEYI.ED
00 O.)PARIY

BIT FOR
SE.'SOR PROCESSOR 20 BITS

ADDRESS Cl11)
(TE'C OR.ARY A2-" RESS

FOR TEST - 001)

SXX%!?L:S FOR A DATA FIELD OF 000^1000000001, E YMAGN4T1UDE CO.%ftAo.D BIT
STf.CTURE IS 00,111,00.Y00,000,000,C1I OR ThE OCTAL EQUIVALETrr
IS 3700003. FOR A DAT^ FELD OF 00GO'000000011, n*T EAGNTM
COm.., IS 00.0Q0..O,•00,C•0,11) 'R THE OCTAL EQVIV.A.%T--
IS 0700006-

Figure 67. Magnit•die Coman4 Format

Clock

Rate: 200 UH 1 10

Signal type: RZ

True level: 4.0 * 1.0 Vdc

FalIs level: 0.0 * 0.5 Vdc

Pulse vidth (SO 1.8 to 2.78 as
saplitude)
Rise/-l! tizes (betvcen 5 us maxiatm

10 atsd 90:4 point,)

Load impedacce: 9.0 kilohms to signal ground, miniutm

Enable

Duration: 14 bits plus overlap

Overlrp (leading edge) 0.75 to 1.25 as
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Overlap (trailing edge) 0.0 to 1.25 ms

True level: 4.0 + 1.0 Vdc

Rise/fall times (between 5 4s ma.timtm
10% and 90% points)

Load impedance: 90 kilohms to signal ground, minimum

The data, clock, and enable phase relationships are as shown in Figure 68.

4.3.2.2 Telemetry. The addition of the IONDS equipment to the GPS
spacecraft does not compromise design or hardware items within the TT&C
subsystem. The GPS TT&C comand and telemetry functions were purposely
oversized in each system to permit growth. The support requirements of IONDS
has been acco-nodated within this spare capacity for the magnitude command
detector.

Tht IONDS has been provided eight discrete comands and 14-bit serial
magnitude comma-ds. The IONDS SOHl data have been accoamodated within the 4,000-
bps format.

4.3.2.3 Discrete Co•m•ands. The command decoder provides the following
discrete comands to the sensor processor:

OITA

=i -1 L

I "t

W 1P K

a-"TZ.9IMNAIC

Figur 69.oI *'- Co ? nd Data, /n

Phase Relationshaip
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o BDP discrete Command 1

* BDP uiscrete Command 2

# BDP discrete Command 3

* BDP discrete Command 4

The commands are provided on four lines with two (redundant) return lines.
Command return lines are isolated from the sensor processor circuit ground in
the processor. The discrete command characteristics are as follows:

Amplitude: 20 to 27 Vdc

Pulse duration: 105 + 5 ms

Rise/fall times (between 50 Ps to 10 ms
102 and 90% points)

Load impedance: 150 to 2,500 ohms resistive. Limit
transient, or inrush current to 300 mA,
maximum

Return isolation: 1 megohm minimum

4.3.3 TT&C Telemetry

The sensor processor inputs to the pulse code modulator (PCM) are listed in
Table 22. The PCM supplies two enable signals to the bensor processor.

Tahle 22. Sensor Processor Telemetry Outputs

Sampling
Name Type Rate Function No. Bits

Analog I Analog 1/sec Analog Monitor 1 N/A

Analog 2 Analog I/sec Analog Monitor 2 N/A

Analog 3 Analog 1/sec Analog Monitor 3 N/A

Analog 4 Analog 1/sec Analog Monitor 4 N/A

Analog 5 Analog 1/sec Analog Monitor 5 N/A

SOH Digital 2/sec State of health 8

Discrete 1 Discrete 1/sec Discrete monitor 1

Discrete 2 Discrete 1/sec Discrete monitor 1

Discrete 3 Discrete 1/sec Discrete monitor 1

Discrete 4 Discrete 1/sec Discrete monitor 1
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4.3.3.1 Discrete Telemetry Characteristics. Discrete telemetry inputs to
the PCM are differential inputs as shown in Figure 69. The required signal and
circuit characteristics are:

Binary 1: +3 to +32 Vdc

Binary 0: -1 to +1 Vdc

Load impedance: 0.3 megohm minimum during sampling,
nonsampling, and off conditions

Source impedance: Binary 1: 10 kilohms maximum

Binary 0: 0 to infinity with 0.005 PF or
less in parallel

Return isolatio. I megohm minimum to chassis
(at load)

4.3.3.2 Analog Telemetry Characteristics. The required signal and circuit
characteristics are:

SOP PCM

27 VDC P + BIT 1I"-' "

SUPPLY2

RETURN (DC.DC 3,,
9ISOLATION) DISCRETE

' SOH 4MU
SREGISTERS MUX

Fig (ScIPLE
SiN6 RA•TE

SNL 2/SEC)POIN 7 >
GROUND X

SHIELDS
6 -TRETURN IT• "

L 4 ENABLE 1 VI-EABLE I
SHIELDOS (ISO)

SENABE 2 -- ENABLE 2L (ISO)

DISCRETE 
3 (SAMPLEMONITORS 3RATE

4 •iI/SC ISOLATED
x-x---RETURNS

L- - ldý RETURN 2

Figure 69. Discrete and SOH Telemetry Interface Schematic (Reference)
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Voltage range: 0.0 to 5.12 Vdc

Input frequency range for
variable signals: Dc to 16 Hz

Load impedance: 10 -aegohms minimum during sampling, and
100 megohms minimum during nonsampling and
off conditions

Source impedance: Less than 5,000 ohms in parallel with less
than 0.001 pF

Return isolation: 1 megohm minimum to chassis
(at load)

4.3.3.3 SOB Telemetry. The SOH data are contained in two 8-bit words
spaced four subfromes apart in the SGLS telemetry (PCM) format. The SOB data
are available for transfer from the sensor processor to the PCM unit when the
enable gate is high. Updating of the SOB data is inhibited during the transfer
period.

Data Read Rate. The enable gates are high for one bit either side of each
PCM word (i.e., each enable is 10 bits long). The enable gates are present when
the PCM is turned on. When the turn-on period is terminated, the PCM remains on
until the end of the current ma3ter frame. The expected turn-on period is five
minutes per day for each vehicle. The PCM sampling rate is 4,000 or 500 bps
(the same as the selected transmission rate). The 16 data bits are transmitted
to the ground stations once each second or once each 8 seconds (there are 4,096
bits in a muster frame).

PCM Input. The SOR data is supplied to the PCM as eight differential
inputs (sampled twice a master frame). The required signal and circuit
characteristics are the same as those for discrete telemetry inputs.

Enable Gates. The PCM provides two enable gates per master frame. The
required characteristics are:

Wave form: Positive re.tangular pulse

On level: +4.5 ± 1.0 Vdc

Off level: 0.0 + 0.5 Vdc

Output impedance: 500 ohms maximum

Load impedance: Greater than 10 kilohms in parallel with
0.005 pF or less

Rise/fall times: 5 ws maximum

(between 10% and
90% points)
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4.3.3.4 GBD Sensor Data. The sensor processor supplies the encoder with
dua. redundant sensor and sync data and a data gate with the following
characteristics. The dual outputs are cross-strapped in the sensor processor.

Sensor Data

Signal type: Serial digital data, NRZ

Wave form: Square wave

True level 1: 2.4 to 5.0 Vdc

False level 0: 0.j + 0.5 Vdc

Data rate: 200 bps (synchronized with the Xl epoch)

Rise/fall times (between 5 jis maximum
10% anA. 90% poip-s

Load impedance: One low-power Schottky T2 L unit in parallel

with less than 100 pF

Cable and connector: Multicoadu-,tor

The timing relationships between the sensor data and gate are defined in
Figure 70.

DA-A 
& 

jSYN.C SYNC DATA
FORMAT

Vo --

N RZ"1I
4AVEFORM I

Vo- - -

BIT

EN'ABLE
rATE I

200 H .VALUL V V I VT3
CLOCK, ..

vo JIM -....-..-Jfl0-;T4I-.II--
,1 EPOCH

,I O MIL .St.C(4,) (24 dITS) TS 10 MILLISECONDS
T2 (2880 MILLISECONDS (600 - 24) BITS) VO 0 - 0.5 VOC
T3 120 MILLISECONDS 14 BITS) VI *2.2 TO 5.5 VOC
T4 i MILLI'ECOtS :0.5 BIT)

Figure 70. Encoder Interface Timing Relationship )
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Data Gate

Signal type: Gate

Wave form: Square

True Level 1: 2.4 to 5.0 Vdc

False Level 0: 0.0 t 0.5 Vdc

.Duration: 2,880 ms

Load impedance: One low-power Schottky T2L unit in parallel
with less than 100 pF

Cable and connector: Multiconductor

4.3.4 Li On/Off Signals

The sensor processor provides the LCU with dual redundancy L3 on signals
and L3 off signals on four lines isolated from the GBD circuit ground, as shown
in Figure 71. The L3 off signal is delayed at least 120 milliseconds after the

L3 L3
PWR A PWR 8

SENSOR PROCESSOR (BOP) LOAD CONTROL UNIT (LCU) 4A ...

L3 ON/OFF PWR A

PROC PWR A K5 1 'K6

K2 K7

13 ON A K

L3 OFF A
K7 KI

L3 ON/OFF PWR 8

.PROC PWR 8T 
S

X4K3 R R4 *27 VOC

tý4KI K2 MAIN BUS

ON3 OB 27 VOC

L3 OF ~ __ 2 VOCPWR RET
2 VSINGLE
MAIN BUS POINT

BOP PWR RETURNf A _,._GROUND

BOP NWR RETURN 3
NOTE: K3, K4, KS,. " K7 ARE

COMPANDABLE.

Figure 71. Sensor Processor/Load Control Unit Interface Simplified
"Schematic (Reference)
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last data block that requires processing. The signal characteristics are as
follows:

Amplitude: 20 to 28.0 Vdc (27 Vdc bus voltage less

driver circuit voltage drop)

Duration: 30 to 120 ms

Rise/fall times: No requirement
(between 10% and 90%
points)

Load impedance: 600 + 10% ohms/signal with less than 0.005
PF in parallel

Cable and connector: Multiconductor

4.3.5 Design and Construction

4.3.5.1 Electrical Power. Electrical power for all vehicle loads is
supplied from the main bus at 27 volts plus or minus 1 volt direct current
(Vdc). The voltage at the load interfaces will be within the range of 25.5 to
28.0 Vdc. The power is provided by a two-wire system (power and return). The
equipment performs within specified limits when supplied with power within the
specified voltage range. GBD secondary power is generated by dc-to-dc
conversion. The primary chopping frequency assigned to the GBD is 48 + 1.0 kHz.
Transient voltages are constrained by the source and the loads within the
following limits:

Time Durations Voltage

Spikes Less than 50 ps +33 volts line-to-line
and

+27 volts line-to-case

Surges* Between 50 .s and 10 ms 36 Vdc maximum
1 _20 Vdc minimum

*Limit voltages are absolute values

4.3.5.2 Dc Electrical Power. Dual redundant primary electrical power for
the GBD is supplied by the load control unit (LCU). Power supply redundancy
switching is controlled by discrete commands addressed to the LCU. The primary
power voltage at the interfaces is 27 plus 1, minus 1.5, Vdc.

The LCU supplies 2-amp relays for switching the GBD primary power and power
for the L3 on/off driver circuits. Relay noise suppression diodes are included
in the LCU. The GBD steady-state primary power maximum load does not exceed
15.0 watts. The L3 on/off driver power load is nominally 45 milliamps
(1.215 watts) for 105 msec.

All inductive interrupts such as relay coil circuits are provided with
suppression circuits to prevent excessive transients and associated EMC noise.
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All vehicle loads are capable of withstanding (without damage) continuousoperation of the main bus in a 10-percent over or under voltage condition(24.3 to 29.7 Vdc) and returning to specified performance parameters uponreturning to the specified main bus limits. After i-terruption of power, allequipment will be capable of returning to normal operation upon restoration ofpower to within normal limits.

4.3.6 Grounding and Isolation

All loads are designed in concert with a single-point ground (SPG) system.Dc-dc. isolation is provided in the BDP power supply. The grounding and returnsystem is shown in Figure 72. Multiple-point shield grounding is used on high-frequency circuits (above 100 kaz), on digital circuits with rise or fall timesof less than 5 mic.roseconds, and on all electro-explosive device firing circuits.Single and shield grounding is maintained on all other circuits, with the groundat the signal aource end. All shielding is insulated to prevent uncontrolledgrounding. The shield grounds are carried directly to the vehicle structure bythe shortest feasible route and are not returned to the single system ground
pilot through conductors in the wiring harness.

4.3.7 X-Sensor and Y-Sensor

The field-of-view of the X-sensor is defined in Figure 73. The field-of-
view of the Y-sensor, out to a 2 2 .5-degree half angle, is entirely unobstructed.

FigureNS 72. OGS Gru Sing Schet
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Figure 73. X-Sensor (BDX) Field of View

4.3.8 Structural Data

The weight, center of gravity, and moment of inertia data for the X-sensor
(BDX), the Y-sensor (BDY), the Y-sensor sunshade, and the sensor processor (BDP)
are compatible with GPS implementation.

4.3.9 Thermal Interface

The GBD maximum thermal dissipation allowances are within the GPS thermal
budget. The mounting base is adequate to transfer component heat dissipation.
All external GBD box/structure surfaces (excepting mounting surfaces) are coated
with passive thermal control surfaces.

4.3.10 IONDS Peculiar Support Equipment

This section describes the special support equipment developed to test and
integrate IONDS equipment with the GPS space vehicle. The peculiar support
equipment includes the IGS monitor and control system, the telecom test set, the
data acquisition and control processor (DACP), and the Sandia GBD test set
(CANOE). The integrated space vehicle and peculiar support equipment
configuration is illustrated in Figure 74. The space vehicle equipment is above
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Figure 74. Integrated SV/PSE Configuration

the dashed line with the support below the line. In addition to the IGS support
equipment, the SCT test set (not described) has been included for completeness
of integration test definition.

4.3.10.1 IGS Control and Monitor Unit. This unit provides the space
vehicle's primary power, monitors Li, L2, and L3 RF links, provides the
capability to evaluate navigation and IGS system performance, provides Ll, L2,
and L3 test signals, and provides a decoded data interface to the GBD test set.

4.3.10.2 IGS Telecom Test Set. The telecom Cest set provides anvehicle/DACP interface for both data and commnands for testing purposes. It also
provides an S-band uplink signal for commanding 10NDS and the space vehicle.

The test set receives the S-band downlink signal for data processing and
provides timing for the DACP. The telecom test set simulates a remote tracking
station of the SCF.

4.3.10.3 Data Acquisition and Control Processor (DACP). The DACP formats
the uplink command structure for the telecom test set, continuously monitors PCM
data, displays data changes on a printer or teletype. and flags errors detected
by comparison with the preprogramed test routine. The DACP simulates the
satellite tracking center of the SCF.

4.3.10.4 Global Burst Detector Test Set (CANOE). The CANOE provides an
independent capability to functionally tist the GBD equipment. When operated in

•" " this capacity, the CANOE simulates all space vehicle interfaces aud provides
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data storage and display of GBD output, L3 , and PCM data. The CANOE operates
with other IGS test sets where it accepts decoded L3 data from IGS and provides
an interim L3 display capability for DACP. The CANOE provides the following
space vehicle functions: (1) 27 volts power, (2) 10.23-MHz sine wave, (3) Z-
count, (4) Xl epoch, (5) outputs four discrete commands, (6) outputs one 14-bit
serial command, (7) provides four discrete PCM data monitors, 2 eight-bit words
per main frame, and five analog monitors, (8) generates the 200 Hz signal, (9)
receives BDP L3 data, and (10) provides display functions for L3 event data.
Figure 75 illustrates the CANOE interface with the IGS system.

4.3.11 Ll Hardware Compliance Summary

Table 23 summarizes the compliance of the IGS hardware to MIL-STD-1540 and
MIL-STD-1541. The tests performed on the L3 encoder, L3 transmitter, baseband,
sensor, and processor were conducted during the prequalification phase of the
program, whereas the tests on the triplexer were conducted during the
qualification phase and were completed in August 1978. Although not specified
by GPS, the radiated emissions (RE02) from the triplexer were characterized at
Rockwell Autonetics during the IGS test program. This helped to estimate
the existing radiated emission levels within the GPS satellite. All MIL-STD-
1540 and MIL-STD-1541 requirements will be qualified by test, except humidity,
which is covered by design practices.

LCU -1 27 V'

GBD TFST SET (CANOE) ,9- ON/OFF CONTROL

BASEBAND 10.23 MHZ
•-Vol Z COUNIT

X• EPOCH

OCO"• 4 DISCRETE CY.DS
I 14-BIT SERIAL CMD

PCM •4 DISCRETE MON ITORS

"1 8-BIT PARALLELUDAA r.• • ' WORD

PCPVDATANOVA 3 5m A•IALOG MONITORS

DISC j COMPUTER TIMING INTER- L3 DATA

SO(TIE) 200 HZ

TTY OSCILLOSCOPE

(HARD COPY) DISPLAY

Figure 75. GBD Test Set Interface
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Table 23. L3 Hardware MIL-STD Ccmplianrce Summary

Requirement MIL-STD-1540 MIL-STD-1541

00

\ Requiree 
nt U Q k 0 o < = U . . • 

• ..

L3 ~ ~ ~ ;. Anoe .1 Tý (0 A A A A A•

0 00 Pi
0 X U si

4J0 ý-I V

W0 V 00 0 2 1 V4ci 1 4C4 e
Component 0 C M :ý (

L3 encoder T1 T IT D D, D D A A A A JA A A A A4 A

L3 transmitter T T T T D D D A A A A A A A A A A

Sensor processor q q q Q Q Q D A A A A A A A A A A

Triplexer Q Q Q Q Q Q D N/A N/A N/A N/A N/A N/A N/A C* N/A N/A

8z....0d D D D D N/AC C C ,C , A J NA N/A

D - Design A - Tested to MIL-STD-1540
acceptance limits

T - Ti-saed to MIL-STD-1540
acceptance and limited qualification C - Characterized

Q - Qualification tested to GPS levels N/A * Not applicable

0 - Tested to operational limits *AT A/N

The key emphasis from the beginning of the IGS effort was to develop an
initial set of hardware virtually identical to a flight unit with the exception
of the use of nonscreened parts. This permitted Lhe L3 hardware to be subjected
to a limited qualification test covering the areas of greatest concero. The
comprehensive testing already accomplited and the nearly identical design of
the prequalificatiun and qualification hardware provided a high degrte of
confidence in the successful ani timell qualification of the L3 hardware ic the
current qualification program.

The sensors and processor built by Sandia are GFE provided by the DOE cnd
are tested in accordance with DOE standards to the detailed MiL-STD-1540 and
MIL-STD-i541 test limita specified in the SandiasRockwell/SA1MO Interface
Control Drawing. This is the same approach successfully used to provide flight-
quality GFE for the VEU satellites. The NIL-STD-1541 (SOC) testing on the
hardware was done under a Sandia contract with Rockwell Autonetics by the same
group that tested the L3 hardvare.

4.3.12 IAS Veight S-u~mur

Table 24 presents a weight breakdown at the cooponent level. The Sandia
sensors and processor along with the Antonetics TIE and L3 transmitter are the
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Table 24. IGS Weight Summary
iUsisawI Ptresen wog-, tvoighb is yowadn

in
Compoat t ,€ e.. hn.4a., To,,l isarks

I--Sel r .4actica.l 9.4 10.7 0 j,5.?
1GS aaeor suausads and Ua kerybt 6.0 4.5 0 4.5
Z1qe.n 2.7 3.1 0 3.1
Data processf 9.5 19.3 1.5 20.8 Shielding aiad4; 1.5-lb sxowth

al110"tiasUII bog escoder "d tiamin 1.8 I.8 3.7 5.5 Timing anad Pw*Ir supply
circuita add4A

M5 transmitter A"d avitci 9.5 6.6 0 46 Traxsaitetr A &a Mitch

15.9 0 5.9 Tras tter I

IGS total 38.9 51.9 5.2 S7.11

ýTtnkgzttioa Units

~ .~ 0.4NiTVrs "M h-S1.0 .2oc required
Racebam 0.2 0.2

LCO 0.7 0.7

IRCOSCatiGa total 1.0 0.41 0.9 1.3

Equs~ipmnt wavbcon 1 39.9 152.3 8.1 f55.4iZ ..0 . tiauc

Cabling In 6.3 1.3 7.6 Ise"l s 2.4 lb of

I scandia Caslas

tatogratiou hard 's T I• 6J.3Ilacludes 0.7-lb dowbler and 5.-lb
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IGS subsystem. The integration units are basic GPS units modified to support
IGS requirements. Integration hardware, cabling, and hardware such as brackets,
thermal doublers, etc., are included to show the total additional weight
necessary for the IGS secondary payload. An August 1976 baseline is carried to
show the original weight estimates. The weight growth of the IGS hardware as of
Sept. 15, 1978, is due to the following:

1. Ten pounds of additional weight for shielding were budgeted to Sandia
for the data processor to handle the updated GPS radiation environment.
The new environment was established after IONDS (SAISO and DOE)
discussions with Aerospace, NASA/GSFC, and AFVL indicated that
designing to the existing GPS environment would probably b@ zarginal at
best. Subsequent NTS II measurements in the GPS orbit in conjunction
with DMSP measurements have confirmed the new values.

2. Timing distribution circuitry which was to be available in the t~ew GPS
fhase It baseband was included in the IONDS encoder when GPS eropped
plans for a new baseband before Phase 111. The new weight includes a
power supply to provide previously unrequired standby power for the TIE
box.
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3. The independent power supplies were incorporated when the transmitter
was changed from a set of internally redundant synthesizers and
amplifiers (like GPS) to tvo individual units. The new design wss
chosen to help meet MIL-STD-1541 and to simplify integration of the
system into GPS.

The IGS weight sumary presents the actual measured weights of each unit
and weight derived by analyses whenever the total weight was not measurable.
For example, in the TIE box/encoder, 3.7 pounds were analytically derived due to
the addition of a power supply.

The IGS on-orbit weight budget is 82.5 pounds. N.inety percent of the IGS
equipment weight estimate of 58.4 pounds was obtained by actual measurement,
providing a high degree of confidence in its validity. The integration
equipment total weight allows 8.2 pounds for growth and uncertainty without
exceeding the 82.5-.pound budget. This should be adequate, as shown on the next
tables. The total lift-off weight for the IGS equipment is 139.1 pounds,
including 0.66485 pound of AKM and 0.02545 pound of RCS propellant per pound of
payload.

4.3.13 IGS Prime Power Summary

Table 25 presents the total IGS subsystem load demand, including increases
in GPS equipment required to support IGS. Both standby and iperating modes are
presented. In standby, IGS is sensing and processing data but not transmitting.
In the operating mode IGS is sensing, processing, and transmitting data. This
summary tabulates the load demand by component with an equipment subtotal,

Table 25. IGS Prime Power Summary
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distribution loss, and growth allocatLon. The distribution loss accounts for
line loss between the power source and IGS subsystem. A small growth factor has
been allocated for power demand uncertainties such as variations from unit to
unit.

Growth in power demand has occurred due to moving the timing interface
function from the baseband unit to the TIE unit and adding a low-voltage power
supply in the TIE unit to provide standby power rather than parallel loading the
GPS dc-to-dc converter. This approach is slightly less efficient but was chosen
in accordance with SPL ground rules to avoid potential noise interference with
GPS subsystems.
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5. RELIABILITY

The reliability objectives of the IGS/GPS interfaces would preclude IGS-
induced navigation mission failures and GPS failures which would cause IGS
mission failure without an accompanying navigation mission failure.

The IGS reliability program included a failure effects analysis used to
identify single-point failure and critical items. Part specification reviewn
also were performod to assure compliance with good reliability engineering and
contract requirements. This review verified that the selection of most piece
parts were in compliance with the program preferred ?arts list (PPPL). Where
?PPL parts were not obtainable, screening, burn-in, and other tes. were imposed
on those parts to assure selecting parts of equivalent-quality. The reliability
of IGS was evaluated by comparing IGS predicted values with IGS and GPS
apportioned values, providing a uniform approach for attaining a predicted five-
year mission life.

5.1 RELIABILITY/COI4PATIBILITY ANALYSIS

A reliability/compatibility analysis was conducted on the IGS system
hardware to determine the possible effects of IGS hardware failures in the GPS.
The analy3is was conducted utilizing a combination of failure simulation by
computerized logic and circuit analysis. In addition to establishing the
compatibility of the IONDS and GPS systems, a failure mode effects analysis
(FMEA) was performed.

The computer simulation used during the analysis was identical to the
simulation successfully pioneered for the GPS Program. Inspection of simulation
data indicated single-point failures, command sequences for failure york-
arounds, and failure definitions. The results of this IGS reliabillty analysis
are contained in Rockwtll report SD 77-GP-0035.

The reliability/compatibility analysis defined 31 interfaces between the
GES vehicle and IONDS. There are 16 interfaces with the load control unit;
these include the coils and contacts of the eight power transfer relays. All
contacts are redundantly fused. The analysis determined that a relay coil short
presents A possibility of negating the GPS load shed capability. This failure
mode is a second-order failure since the load shed function is only initiated
when one failure has occurred and therefore is not considered a single-point
failure. Further, the load shed function is made available by the DCD sequenced
commands. In addition, relay coil shorting has a low probability of occurrence.

The DCD has six interfaces with IGS. Eight of these commands have
individual d iver amplifiers and thus isolate the GPS from the IGS. The two
redundant commards (enable command) share the same output amplifier as the GPS.
An IGS short coul.d force the GPS commands into its redundant mode which is not
considered a single-point failure.
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The baseband/processor has seven interfaces with the IGS. The XI epoch,
Z-count, and Z-strobe each have an isolation inverter amplifier as a source,
thus protecting the GPS system. The P code is derived from the Q side of the
P code flip flop, providing the CPS P code, thus isolating the GPS system.
Finally, the 10.23-MHz clock signal is routed through a series of cascaded
hybrid frequency power dividers. An IGS short or open in the clock signal
circuit will not unbalance the source sufficiently to cause system degradation.

The triplexer has one interface with the IGS - the L3 transmitter. The
high isolation of about 50 dB from port 1 to port 3 and from port 2 to port 3
will result in a negligible effect on the operation of L1 and L2 in case the
cable between the L3 transmitter and the triplexer is shorted or opened.

From the above reliability analysis, it was determined that single IGS
failures, opens, or shorts in the IGS system which could reflect through the
interface and cause a failure in the GPS vehicle do not exist.

5.2 RELIABILITY PREDICTIONS AND FAILURE MODE EFFECTS ANALYSIS

The reliability predictions and FMEA of the baseband/processor were
reviewed. Thr logic diagrams and predictions for the transmitter and L3 encoder
qre 'resented in Figure 76. The calculated numbers are RT = 0.988178 for the
transmitter and RE = 0.99419 for the encoder.

The logic diagram and results for the baseband and triplexer are presented
in Figures 77 and 78. The calculated numbers are RB - 0.990494 for the baseband
and RT = 0.996502 for the triplexer.

An analysis was performed to assure that the IGS L3 channel reliability
predictions were comparable to predictions derived from the GPS L1 and L2
channels. The calculated numbers were RLI - 0.9687, RL2 - 0.9694, and

=R, = 0.9705. The logic diagrams and results of this analysis are presented in
Figures 79 and 80.

The FMEA emphasized high-power transistor junction temperatures. For
the L3 encoder and transmitter, the transistors in the high-power amplifier are
rated at 2000C and derated not to exceed a junction temperature of 1250. One
junction's temperature is 106.60C, two are 1020C, and the remainder are
below 85 0 C. The remaining transistors, hybrids, and diodes are rated at 125 0 C,
and the highest temperature reached is less than 850C. All components are
stress derated at least 50 percent of rated value.

For the baseband assembly, the maximum semiconductor junction temperature
is 940C for four transistors. The next highest junction temperature is 89 0 C for
three components, and all the remaining are below this number.

The FMEA's thus demonstrate that semiconductor junction temperature does
not rise above 1250C in normal operation and that no other components are
operating at more than 50 percent of their rated capacity.
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COMMON L1 RL1 =0.9687
0.9886 0.9798

[ COMMON j L2 RL2 =0.9694

0.9886 0.9805

COMMON L3 = 0.9705

0.9878 0.9825

CO N L3 X Y SENSOR
*SENSOR SENSOR PROCESSOR

0. 9878 0. 9700 Rx Ry Rs

*Triplexer reliability number

Figure 80. LI, L2 , and L3 Reliability Comparison

5.3. CRITICAL ITEM LIST

In applying the GPS-developed computerized logic failure simulationprogram, the following eight single-point failures were identified in the IONDS
critical item list.

1. L2 synthesizer - Frequency distribution module (no output)

2. Baseband/processor - Power divider (no output)

3. IONDS ANZAC DS310 - Four-way power divider (no output)

4. IONDS ANZAC DS1O9A - Two-way power divider (no output)

5. IONDS ANZAC DS1O9B - Two-way power divider (no output)

6. IONDS L3 encoder - Input power divider (no output)

7. IONDS radio frequency switch (contacts failing to close or stay closed)

8. ITT IONDS triplexer (no output)
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5.4 PARTS, M&TERIALS, AND PROCESSES

The IGS parts program has the same ground rules and requirements as the GPS
Program. The GPS Parts, Materials, and Processes Control Board (PMPCB) was
delegated the responsibility of reviewing and approving all IGS parts,
processes, and materials and thus provide a common control base. The IGS parts
selection process is illustrated in Figure 81. As the subcontractor submits
specification control drawings (SCD's) for the procurement of parts for the
transmitter and encoder, they are reviewed by Reliability engineers, and if
approved, they are submitted to PMPCB for concurrence.

l PRT ANDDATE IN INO PMPCB/PMPAG" __

PART CAPART APPROVEDNO

CONTROLLED CATEGORY APVLREQUIREDNO

SJYES ORDER PART

SELECT FROM SAMSO

N FOR PROGRAM USE YES

SELECT FROM YES
PROGRAM PARTS LIST

NNO ROCKWELL/
NO 1 PMPCB/FMPAG

Fi Cr E 1 GE S PartsR Se e t oIrc s

SEEC IN ACCORDARE YENRAPROA
~WT PARTSITPA

l ,~~~~~~~SELECTION GUIODANE 'RCMEDALRNE

A 

-A

SWITH SPECIFIC PART REPLACEMENT
SREQUIR*EMENTS PART

Figure 81. IGS Parts Selection Process
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6. TEST PROGRAM

The IONDS test program began in 1976 with component testing and will
culminate with an in-orbit demonstration of system capabilities in mid-1980.
The objectives of the overall test program are (1) verification that the L3
components satisfy design requirements, (2) verification that the L3 subsystem
performance will meet operational requirements, (3) verification that the L3
subsystem will interface with the NUDET sensor subsystem, and (4) verification
that the IGS subsystem will interface with the GPS system on a noninterfering
basis.

6.1 TEST PLAN

An overview of the IONDS test schedule is illustrated in Figure 7. Both
the component and L3 subsystem testing have been completed in addition to
integration and compatibility tests. Completion of this series of tests
verified the IGS system operational characteristics and compatibility with the
GPS vehicle and system. In-orbit verification of IGS operational capability
will begin after the launch of the QTV spacecraft tentatively scheduled in 1980.
The IONDS and GPS systems will undergo performance verification, integration,
and acceptance testing before launch of the QTV spacecraft.

6.2 COMPONENT TESTS

6.2.1 Antenna Tests

The objective of these tests was to demonstrate the compatibility of the
GPS antenna system to support IONDS L-band transmissions on a noninterfering
basis. Antenna testing is summarized in this section and is documented in
detail in Rockwell report SD 77-GP-0011.

6.2.1.1 Configuration. The test configurations included all of the
antennas and sensors mounted on the GPS antenna bulkhead and a baseline
configuration containing no pending payload components. The flight version of
the L-band antenna, the TT&C antenna, and the secondary payloads were installed
as shown in Figure 82. Each configuration used a forward bulkhead simulator
designed for the secondary payloads program. The front surface of the bulkhead
was located I inch above the spider surface, as specified by the GPS
requirements. Mounting supports for the test fixture and secondary payload
elements were the special priorities included in the bulkhead design.

6.2.1.2 Test Results. LI Degradation. The test data indicated that the
secondary payloads do not degrade the Li antenna pattern. The degradation to Ll
was determined by analyzing the gain, ellipticity, and net gain on its 14.3-
degree conical cut patt.ern. This is the critical performance angle for the
navigation antenna and is the basis for link margin analysis.

Figure 83 displays the impact of the composite secondary payloads on the LI
gain pattern. The baseline is derived by averaging Ll over nine measurements.
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Figure 82. GPS Full-Up Antenna Configuration

TOLERANCE TO BASELI NE
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Figure 83. Ll Gain impact
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The allowable 0.2-dB measurement precision bound for the range is displayed
about this average curve. The secondary payload data were within the precision
bounds, indicating that the conic was unaffected by the presence of the
secondary payload devices. Figure 84 shows that the ellipticity is within
limits except for one angle. This anomaly resulted from inaccuracies in the
comparative measurement technique.

L2 Impact. The L2 patterns generated during this testing indicate that the
secondary payloads may have some impact on L2 gain (0.2 dB) for the 0 - 14.3-
degree conic (see Figure 85). However, the 14.3-degree conic gain at LZ was
found to be significantly altered when the thermal blanket was removed (gain was
reduced by more than 1.0 dB over part of the conic angle). The antenna failed
to meet the acceptance criteria when tested in this condition. The baseline L2
ellipticity (Figure 86) characteristic also was degraded beyond acceptance, but
the secondary payloads do not impact this characteristic.

L3 0peration. The 14.3-degree conic gain taken at L3 indicates that
ll.4-dB gain is the minimum at 1381 MHz. The coated and uncoated sunshade

tests produced similar gain. The VSWR and gain measurements versus frequency
indicate that un antenna anomaly that exists at about 1372 MHz affects gain.
Antenna performance improves significantly (2.0 dB) by moving more than 25 MHz
from this frequeL-,, ,

Isolation. TTOI isolation was measured at 55.0 dB for both baseline and
integrated payload configurations.

VSWR. The VSWR's in .he information bandwidths of Ll and L2 were less than
1.06:1 and 1.2:1, respectively, in both configurations.

TOLERA.ACE TO BASELINE
BASELINE

. •PATTERN 28
1.2 COMPOSITE PAYLOADS

- " 1.0 - - -j0
0.8 % 4"0" .•,

0.6% %

t' 0.4

0.2 :

18 66 114 1.2 210 258 306 354

SoDEGkES

Figure 84. W1 Weipticity Impact
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A second test with a protective thermal blanket performed in March and
April 1977 provided L2 performance within specification. The test used a
production L-band antenna, spider, bulkhead, and thermal blanket.

6.2.2 Triplexer Tests

IGS triplexer testing was performed to verify its functional design and to
verify triplexer environmental characteristics. Design objectives included L3
operation on a noninterfering basis with GPS L1 , L2 operation. Since the IGS
triplexer consists of the GPS diplexer with a third input port added, the
testing was used to demonstrate that the triplexer Ll and L2 channel performance
was equivalent to the GPS L1, L2 diplexer performance. Triplexer/diplexer
testing involved measuring insertion losses and standing wave ratios (VSWR) to
assure that performance objectives were accomplished. The IGS EDM triplexer
used the latest GPS flight diplexer configuration.

6.2.2.1 Configuration. The test configuration included an L-band signal
generator (1 to 2 GHz), power and VSWR meters, a GPS diplexer, and an IGS
triplexer. In the test configuration, triplexer input Ports 1, 2, and 3
correspond to Lj, L2 , and L3 channels. Triplexer Port 4 is the output to the

GPS L-band antenna system.

6.2.2.2 Test Results. Examination of the triplexer test data indicates
that the triplexer has performance equivalent to that of the GPS diplexer and

will also satisfy L3 operational requirements. Table 26 suarizes measured
diplexer and triplexer VSWR's and losses. It can be seen that the triplexer

slightly improves L1 performance over the GPS diplexer. The L2 measurements
indicate an increased loss of about 0.14 dB for triplexer performance. It was
later found that the triplexer was slightly detuned and actual performance could
be expected to improve. Since the 0.14-dB loss was small, it was decided that
the tests would not be rerun.

Triplexer testing was accomplished by varying input frequency at each port
from I to 2 GHz and measuring the VSWR and losses to eacla of the ot triplexer
ports.

Figures 87 through 92 are automatic plots of an IONDS triplexer VSWR and
losses as measured from input Ports 1, 2, and 3 to output Port 4. Figures 93

and 94 show Port 3 to Ports I and 2 isolation. At the Ll frequency of
1575.42 MHz, the cross--coupled energy from Port 3 to Port I is down about 45 dB.

Tlble 26. Diplexer/Triplexer Comparison

Li____ L 2 '-3____

Unit VSWR Loss VSWR Loss {VSWR LOss

GPS Phase 1
Diplexer 1.149 0.485 1.038 0.276 ' ,'a N

IONDS
Triplexer I 1.15 0.&5 1.11 0.42 1.14 0.51
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At Port 2, the energy from Port 3 at the L2 frequency of 1227.6 MHz also is down
about 45 dB. The peak off-frequency energy is down more than 20 dB. The L3
frequency of 1381 MHz in Port I is down about 35 dB and in Port 2 is down about
25 dB.

The data indicate that the triplexer design will meet all operational
requirements and will support the L3 frequency on a noninterfering basis with
operation of the GPS L1 and L2 channels.

6.3 L3 SUBSYSTEM TESTS

The L3 transmitter and encoder have been subjected to design and
development tests, engineering model tests, and functional tests. The design
and development test procedures for the L1 transmitter and encoder are
summarized in Figure 95. The tests, which were performed on the L3 transmitter
and encoder engineering models, are listed in sequence in Figure 96. Functional
teuting of the L3 transmitter and encoder encompassed the methods summarized in
Table 27. The test parameter acceptance levels achieved for the L3 transmitter
are listed in Table 28, and the acceptance levels achieved for the encoder are
listed in Table 29. The environmental test conditions for the L3 transmitter
and encoder are sumnarized in Table 30.

6.3.1 13 Transmitter Tests

The L3 transmitter consists of a frequency synthesizer, modulator, IPA, and
HPA. A detailed breakdown of each component's characteristics, including L1 and
L2 transmitters, is listed in Table 31. The L1 and L2 transmitters were

included with the L3 transmitter characteristics because they provide a good
comparison in the areas of design and performance. This comparison is of
interest because (1) tLe L3 output transistor (TRW 1417-11) is the same as the
HPA for L1 and L2, (2) the basic amplifier design is the same, (3) the
transmitters operate in the same frequency range, and (4) L3 performs the same
function as the L1 or L2 transmitters. As can be seen, the L3 transmitters
tested meet the design specifications for input power, weight, and volume.

The selection of the TRW 1417-11 output trattaistor for the L3 transmitter
was based on power consumption tests such as those summarized in Table 32. The
L3 TRW 1417-11 transistor was packed in a more efficient thermal design wbich
resulted in the data listed in Table 33. Transistor junction temperature has
an adverse effect on reliability and power output as indicated in Figures 97 and
98. The L3 transmitter power loss distribution as measured on the prototype
unit is illustrated in Figure 99.

The output of the L3 HPA is fed through a bandpass filter. Characteristics

of this filter were measured and are shown in Figure 100.

6.3.2 Encoder Tests

rhe encoder breadboard test setup and tests are 8utmarized in Figure 101.
The encoder squaring amplifier was verified as illustrated in Figure 102.
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* L3 TRANSMITTER

DEINDEVELOP CIRCUITS INTEGRATE COMPLETEDESIGN FREQ, SYNTH, FAB & TEST CMLT
LUREENT SYNTHPA BREADBOADAND TESTENG. MODANALYSIS MODULATOR lBREADBOARD ANDTOES

REQUIREMENTS ICIPA/HPA CIRCUITS LAYOUTS)

SWITCH/POWER DIV. (ELECTRICAL CIRCUITS DRAWINGSTEMPERTURE) (ELECTRICAL&AF

I.DLL~rCONVFRTFR TEMPERATURE) TEMPERATURE) & ATP
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o L3 ENCODER

DEVELOP CIRCUITS FAB & TEST INTEGRATE COMPLETE
DESIGN BLOCK ENCODER BREADBOARD AND TEST

ANALYSIS DIFFERENTIAL ENC. C B OLAYOUTS,
REQUIREMENTS CONVOLUTIONAL ENC. CIRCUITS BREADBOARD DRAWINGS

MODULO-2 ADDER CIRCUITS I& ATP
SYNC DETECTOR

Figure 95. L3 Transmitter and Encoder Development Procedure
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Figure 96. L3 Transmitter and Encoder Engineering Model Test Sumnary
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Table 27. L3 Transmitter and Encoder Functional Testing

Thermal Thermal
Test Method Assy Cycling Vacuum

L3 Transmitter

1. Dc input power Current through resistor X X X

2. RF output power Thermistor mount and X X X
power meter

3. RF output frequency Counter X X X

4. REF spurious output Spectrum analyzer X X X

5. VSWR output Network analyzer X

6. Power monitor Digital voltmeter X X X

7. Modulation output Receiver X X X

8. Phase noise Phase-locked loop X

L3 Encoder

1. Encoding/decoding Pattern generator X X X
decoder & Linkabit
LV 7015

Table 28. L3 Transmitter Functional Test Parameters

Test Acceptance Level

Dc input power 76 watts max
RF output power 11.8 dBW min, 13.8 dBW max
RF output frequency 1381.05 MHz
RE spurious output >_50 dBc at F. ± 50 MHz

k_65 dBc at 1783 MHz

Output VSWR 1.2:1.0 max
Power monitor output 0 to 40 mVdc
Output modulation

Phase deviation +30 max
Rise time <9 ns
Fall time <--9 ns
Mod rate 10.23 mb/s

Phase noise <jlO00 m radians in a 10 Hz
band from 2-12 Hz
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Table 29. L3 Encoder Test Parameters

Test Acceptance Level

Dc input power 3 watts max
P + data output

Rise time <9 ns
Fall time <9 n--
Mod rate 10.23 mb/s
Logic level TTL at 50 ohms

TT&C monitor TTL at 300 K ohms

Table 30. Environmental Test Conditions - Transnitter and Encoder

Test Performance Levels

Thermal * Start at amb, witn component operating monitor
cycle critical parameters*
(8 cycles) e Decrease temp t, -24*C, stabilize, functional test,

1 cycle and soak two hours
e Increase temp to +610C on.-off cycling unit, stabilize,

functional teot, and soak two hours
o Decrease to ambient on-off cycling unit

Thermal # Start at a-'lient with component operating, monitor
vacuum critical parameters*
(1 cycle) e Decrease temperature to -24%C and pressure to 1.38 x

10- 3 N/m2 , monitor for multipacting, soak 30 min off
cold start, functional test and soak 12 hours

* Increase temp to 61'C, soak 30 min off hot start,
functional test and soak 12 hours

9 Decrease temp and pressure to room ambient

EMI e Test per MIL-STD-1541 for CE01, CE02, RE02 (E&A),
A CS02, CS06, RS02, RS03, static discharge, CE03, CE04,

RE03, and CS01

Burn-in * Operate monitoring critical parameters* for (test
hours + thermal vacuum hours + EMI hours + burn-in
hours - 300 hours)

*Critical parameters: L3 transmitter - prime power, frequency, power output
L3 encoder - sync detector output

(-
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Table 31. GPS and IGS Transmitter Characteristics

Dc Power (watts) Weight (ib) Volume (in. 3 )

Units Spec Measured Spec Measured Spec Measured

L, HPA 125.00 139.9 23.25 25.7 422.0
L1 MOD/IPA 2.10 2.8 3.34 3.0 85.9
L1 synthesizer 4.80 3.9 3.90 3.9 117.0
L1 HPA filter .75 (.75) 2.54 2.5 42.8
Dc/dc converter 3.50 3.9 3.00 3.5 58.3

Total 137.60 150.50 36.00 38.6 726.0 726.0

L2 HPA 25.70 28.40 3.87 3.8 65.0
L2 MOD/IPA 0.90 1.10 1.89 1.9 47.8
L2 synthesizer 4.80 3.90 3.90 3.90 117.0
L2 HPA filter .56 (.56) 1.50 1.50 33.1
Dc/dc converter 2.70 2.94 2.40 2.60 43.3

Total 34.66 36.34 13.56 13.70 306.2 306.2

Incremental HPA 75.5
L3 HPA 73 42.0
L3 MOD/IPA 4.6 32.8
L3 synthesizer 1.2
Dc/dc converter 21.7 77.2

Total 73 69.5 12.8 11.6 220.0 220.0

Table 32. HPA Output Transistor Power Consumption

Transistor Type Vcc (volts) Po (watts) Pdc (watts) Nc (%)

MSC 2010 20 9.9 19.6 51
MSC 1315 20 10.5 17.6 59
TRW 1417-11 20 10.5 15.6 66
TRW 2010 18 11.5 18.9 60.8
TRW 2010 16 10.0 16.96 58.9
TRW special 20 11.5 19.4 58.9

Pin - 2W, frequency - 1381.05 MHz

6.3.3 BPSK Modulator

The BPSK prototype modulator was tested to verify compliance to specified
parameter characteristics. The sunmary of these test data is presented in
Table 34.

6.4 IGS SYSTEM TESTS

6.4.1 Engineering Data Compatibility (EDC) Tests

The objective of this series of tests was to demonstrate the functional
compatibility between the baseband/processor, the BDP, and the L3 encoder.
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Table 33. Thermal Design Analysis for Transistor TRW-1417-11*

Characteristics L1 L2  L_ 3

Dc power input (Watts) 27.6 21.0 17.3

RF power input (Watts) 2.2 2.0 2.0

RF power output (Watts) 15.15 11.6 10.8

Dissipate power (Watts) 14.65 11.4 9.5

Junction temperature (*C)
(Due to thermal resistance) 65.92 51.3 42.66
(Due to device case to chassis base) 7.3 5.7 4.74

Local heating (0C) 7.0 7.0 7.0

Junction temperature (*C)
(At base plate 520C) 132.2 116.0 106.4

*Output stage for LI, L2 , L3

(L3 uses non-hermetic package)

Thermal resistance 4.5*C/W

TRANSISTOR TEMPERATURE TEST

TRW 1417-11
-70 TURNED ON FAN TO KEEP TEMPERATURE

AT 71C
1- - ----- 50
1D 0 5 0 - - SMALL FAN WAS APPROXIMATELY 3 FT04

, p - -- 4AWAY FROM TRANSISTOR. POUT AND TU T -- OUT

CDT2 -11 1 -30 REMAINED CONSTANT WITH FAN ON.

TIME (MIN)

FAIN OFF MSC 2302.T279 h .J. L,---,"50

,6...

1 3054
250 10 20 30 40 50 60 70

TIME (MIN)
FAN OFF

Figure 97. Prototype Circuit Data
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S.9990 -ý 15 Y EAR S
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7 YEARS
0 .9985 TRW 1417-11

SI- 7 Y EA RS

.9980

.9975 ,[ ,

100 125 150

Figure 98. Junction Temperature

WATTS (21.7)I (20.14) 19.10) (18.0).

dBW 13.36 13.06 12582 12.57

L3HACOMBINER TELEMETRY ao0.5 .1
N.I NEWR MOIR CIRCULATOR SWITCH bTRIPLEXER

0.20 0.2 0.5

0ISSIPATED POWER (HEAT) WATTS

HPA 18.6
IPA 4.6
SYNTHESIZER 1.2
OC/OC CONVERTER 21.7
TRANSMISSION LINE 6.7

TOTAL 52.8
I.

Figure 99. L3 Transmitter Power Loss Distribution
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Figure 100. 1381-MHz Filter Response

Testing is su-m-rized in this section and documented in detail in Rockwell
report SD 78-GP-0012-1.

6.4.1.1 Configuration. The test configuration consisted of the major IGS
components combined in a bench test setup. The components included the
baseband/processor, the global burst detector processor, the L3 encoder, and the
timing interface (TI) box. Before the components were assembled for the
engineering data compatibility (EDC) testing, each of the components was
individually checked for signal compatibility. Figures 103, 104, 105, and 106
illustrate these readiness tests. Figure 107 shows the complete EDC test
configuration.

6.4.1.2 Test Results. This testing included compatibility of all
engineering data. All test objectives were met by demonstrating that the data
components of the IGS were electrically compatible.

6.4.2 IGS CSMponent Integration (ICI) Tests

The ICI test was conducted on components developed for IGS in a subsystem
configuration to achieve the following objectives:

* Demonstrate c~mpatibility between IGS components when operated in a
total subsystem coafiguration. (Refer to SD 7S-GP-0010)

* Measure subsystem turn-on and turn-off characteristics.
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1 BREADBOARDED A PATTERN GENERATOR To SIMULATE THE WAVEFORMS CF THE

SANDIA PROCESSOR As SHOWN IN FIGURE. 14 OF IH08-00012-400.

2. THE 576 BIT DATA 1;ORD USED CONSISTED OF THE SYNC WORD FOLLOWED By
PAIRS OF CONSECUTIVE ZEROS AND ONES EXCEPT BIT No. 576 WAS A ZERO.

3. 24 BIT SYNC WORD DETECTED AFTER DIVISION BY THE POLYNOMIAL SHIFT
REGISTER IS

O10001001100100001010110
LSB MSB

4. DATA & PARITY OUT OF THE BLOCK ENCODER WAS FED SIMULTANEOUSLY To
THE LINKABIT'S MODEL LV7015 ENCODER AND THE BREADBOARDED ENCODER

BUILT IN OUR TEST LAB.

5. DATA + PARITY + ERROR STATUS 3ITS WERE:

24 BIT SYNC WORD --4 .ZERO-ONIE PAIRS-- ERROR - 24 BIT--*
t 4 STATUS SYNC WORD

MSB 11 O1 0 1a 0001 0110111 T1100J1
; - 22 BIT PARITY TAIL -4

6. BOTH ENCODER OUTPUTS MATCHED BIT FOR BIT WITH OR WITHOUT

DIFFERENTIAL ENCODING FOR ALL 600 BITS (SYNC WORD + DATA + PARITY +

2 ZERO STATUS BITS).

7. ORIGINAL 576 BIT DATA WORD BLOCK FROM EITHER ENCODER WAS PROPERLY

DECODED BY THE CONVOLUTIONAL DECODER IN THE LINKABIT LV70OI.

8. TEST SETUP

BL OC K E N C O DEDQ T S T E A " _ K i

CATA SII•AH | LLINM.IT
COWA'EL LV701.

SERIAL D)ATA •- CONVOLUTt ,. ATA OUT

/
C -- OARE SERIAL OATA ST.LAN .

Fisure 101. Breadboard Tests - Encodor
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1. SQUARING AMPLIFIER TESTED FOR OPERATION BETWEEN -20% To +65*C
ENVIRONMENT WITH A.-3.8 t 1.4 DBm INPUT.

2. POWER DIVIDER MAY BE SHORTED ORt +5 vDC APPLIED AT EITHER INPUT
WITHOUT AFFECTING OPERAT1u,,'OF OPPOSITE OUTPUT PORT (25 DB ISOLATION)

DS113 C (-DB SQUARING AMP

10.23 M~lz
SOURCE 

D - -R

Top TRACE:INPUT 9 0.1 v/CM

20 MS/CM

BOTTOM TRACE-OUJTPUT 310.23 M9~z
a1V/CM

Figure 102. Breadboard Tests - Squaring Amplifier

am pi
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Table 34. BPSK Modulator Prototype Test Data

Parameter Test Data Specification

VSWR 1.2:1 NoneI

Insertion loss 1.1 dB None

Phase deviation 05+3

Rise time 6 na <S9 ns

Fall time 5 ns < 9ns

Modulation rate 10.23 MHz 10.23 1fHz

; ~ (40"t
*~ :WOW

Figure 104a. Encoder Readitaess Test
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DATA GATE ENASLE A .Iv

BFP 12 10 DATA G piE ENABLE B
VDC A 1 RETURN A

JA J3 J4 J9 22 RTR

POWERURN r

S UPPLI ES 4
+12, +5,-'

VDC

C 1U

Figure 105. BDP Reediness Test

9 Verify subsystem readiness to support GPS/oGS signal compatibility,
functional compatibility, and EMC test. (Refer to SD 77-GP-0046)

i Obtain component and subsystem baseline data to support e s tto follow
in the space vehicle configuration.

6.4.2.1 Tetqt Configuration Descrip iont

Pre-Signa l Compatibility. The ICI block diagram configuration is shown in
Figure 108. Figures 109 and th0 are photographs of the physical configuration.
The 9W2 harness was diverted to the buildup of the ETV for signae compatibility
and was unavailable for ICI. The after-the signbarrier terminal strips, shown
in the photographs, were used throughout ICI t hsting in place of th o vehicle
terminal blocks because compact blocks would have prevented the insertion of
test equipment. With key vehicle wiring not available, test boxes were used to
control the L3 components and the baseband/processor. The BDP and sensors were
checked out in place by using the Sandia CANOE (test set), Figure 111, but could
not be interfaced with the L3 equipment.

Post-Signal Compatibility Test. After the signal compatibility test, the
forward bulkhead and antenuas were removed from the ETV, and mounting holes were

provided for the redundant transmitter and for the BDP. Harnesses and equipment
were added. Without the GPS clear/acquisition (C/A) signal on Ll, it had been
intended to utilize a nonstandard configuration on L3 of both C/A and P codes to
allow the test receiver a means of signal acquisition. This acquisition was
successfully accomplished in a test just prior to breakdown for signal
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Figure 106. Baseband/Encoder Readiness Test
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Figure 107. EDC Overall Test Configuration
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Figure 110. Final ICI ETV Configuration

compatibility and was pRerformed with increasing difficulty during the initial
setup in the ETV configuration. 'A brief trouble-shooting effort, after the
difficulty progressed to total failure to lock, pointed out the disadvantage of
off-design operation, and the Ll signal was used from the test receiver system
(test transmitter). Mechanical switches provided sufficient contact bounce to
guarantee lack of synchronization (and therefore no handover to L3 ) when used to
reset the basebands. Equipment was added to synchronize the baseband and the
test set.

The equipment evaluated in the ICI tests consisted of the following:

* L3 Transmitter A

e L3 Transmitter B with RF switch and distribution

* L3 encoder

* Triplexer

* Baseband/processor

* BDP

* X-sensor

a Y-sensor

All units vere IGS engineering models.
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The IGS load control unit and vehicle harnesses were also in test, although
not identified as primary test items. The test also included the use of the ETV
frame as built up for the signal compatibility test, but without side panels,
forward bulkhead, and antennas.

Items omitted from the test as originally planned include the breadboard
rubidium frequency standard and items of wire harness (primarily harnesses for
interfacing terminal strips with PCM, DCD, and signal conditioner equipment).

The B transmitter exhibited slightly higher harmonic output than the
A transmitter. In addition, the B transmitter exhibited occasional delay in
coming up to normal power output near the end of ICI testing.

Timing Interface (TI) Box. The TI box was found to exhibit overshoot and
ringing characteristics when interfaced with the BDP circuit. An external
90-ohm or 50-ohm load reduced the overshoot and ringing effects and provided a
usable waveform. The unit is to be deleted in future equipment where the
function will be incorporated into a flight design TIE assembly.

Baseband/Processor. The baseband/processor modified for IGS tests includes
an internal A string and a C string (B was replaced with IGS circuitry). The
100-Hz IGS A output driver failed between the initial and final ICI setup.
Tests were all performed using the C string. A subsequent engineering'test
utilizing an external 100-Hz did not show differences in signals produced by
using the A string.

C540-100, IGS Test Set. The stability of the IONDS test receiver system
exhibited considerable variation during testing, due to problems with RF
interference from other tests in the facility and apparent high sensitivity to
noise on ac power lines. It should be noted that the receiver used was IONDS
No. 1, which served in the interim until the full IONDS receiver was delivered.
Other known anomalies existing in the Navetar receiver (required to operate
IONDS No. 1 receiver) did not affect IONDS operation.

6.4.3 ICI System Testing

Overall IGS component compatibility was demonstrated by successful end-to-
end operation. Calibration signals developed in the GBD sensors were processed
by the BDP, encoded and transmitted by the L3 equipment operating under control
of the BDP, received and demodulated by the test receiver, and the data verified
by the GBD test console (CANOE). Redundant channels were verified with the
exception of the baseband/processor A string, which contained a failed 100-Hz
output driver. The A side was operated using lOO-Hz supplied by the BDP, and no
difference was noted between A and C baseband output signals (other than the
missing 100-Hz output).

A basic discrepancy was found in the interfaces between the inputs to the
BDP and the output circuits of the baseband/processor and the timivg interface
box. The TI box, constructed to supply an interface for test purposes in lieu
of circuits not yet incorporated into the IGS hardware, did not provide a
suitable output impedance to match the 1000-ohm series resistance required by
the ICD on the BDP inputs. The overshoot and ringing on the 200 Hz to the BDP
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caused incorrect operation. External loads of 50 to 110 ohms corrected the
output to a usable signal. However, the amplitude of the signal was below the
ICD value. Approximately 1 microsecond of leading and trailing edge ringing was
measured on the Xl epoch line from the baseband to the BDP. No anomalies were
noted while operating with the loaded 200 Hz nor were any detected that were due
to the Xl epoch ringing, but the flight configuration interfaces, including the
cable impedance, must be positively controlled for final hardware designs. The
Xl epoch ringing may have been in the test leads and breakout access any may not
be inherent in the system; however, the observation still emphasizes the need
for tight control of these signal interfaces.

6.4.3.1 Subsystem Turn-on and Turn-off Characteristics. The turn-on and
turn-off characteristics were measured by using a Honeywell 1612 Visicorder with
8-kHz response channels. The results show no characteristics which would
preclude further system tests. Main bus, L3 transmitter, and BDP currents and
voltages were monitored as well as commands and the data enable signal from the
BDP test connector and from the IONDS receiver output. Runs were made at
40 inches per second during operational cycles with each string of BDP/L 3 chain
operating and with the BDP and L3 chains cross-strapped.

Discrete command signals exhibited slight ringing characteristics, which
were attributed to the long leads required to the recorder and which would not
be detrimental to system operation. The main bus exhibited a drop of about
5 volts approximately 8 milliseconds after the "L3 on" command was initiated by
the BDP coincident with application of L3 power on. The drop was accompanied by
some ringing and required approximately 25 milliseconds to recover. The bus
drop was also reflected as a drop in the command pulse level. This
characteristic did not affect ICI subsystem operation but would not be
acceptable for a flight bus, since the transient exceeds the bus specification
to which equipment is tested.

The bus regulator in this case is dependent on the regulations of the power
supply in the C540-100. A flight bus would be regulated by the power control
unit (PCU) in the vehicle. The power supply has been returned for calibration
and adjustment. It should also be noted that later tests will have additional
loads on the supply, which is expected to improve regulation.

The only other unexpected results consisted of activity on the BDP L3 on
and off lines during BDP initialization. Sandia advised that these outputs are
a function of initialization software only and have no effect on normal
operation of the subsystem.

Although detailed EMI tests were performed on L3 components during
acceptance and engineering laboratory testing, a survey was performed on the
overall ICI configuration. Current probes were used on power lines to check for
excessive steady-state signals below 50 MHz. The oscillograph records were
checked within their limitations of approximately 6 kHz.

Radio frequency (RF) emission was checked using EMI probes (broadband
antennas) with Airborne Instrument Lab (AIL) and Hewlett Packard spectrum
analyzers. The ranges observed were from 10 MlOz to 10 GHz. Due to the open
configuration of the laboratory, numerous RF signals were observed in almost all
frequency ranges. The test was performed by observing the spectrum over a given
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range of the analyzer with the test setup off, and then operating the IGS
through a cycle of the BDP going active, turning the L3 equipment on,
transmitting data, and then turning the L3 off. The spectrum was monitored for
any changes during this cycle. The checks were performed with both A and
B strings, as well as with cross-strap operations.

Although several repeat operations were required because of the method of
operation, the majority of spectrum changes noted were due to changes in the
ambient RF environment. Signals were observed at approximately 150 MHz and at a
level of -90 dBm which was determined to be from the CANOE test set when it was
operating the BDP. The signals were isolated to the CANOE by observing that
they were present when the CANOE was operated with the IGS equipment off. Also,
an increase in level was noted when the probe was moved away from the ETV and
turned to the CANOE. Signals at the fundamental operating frequency of
1381.05 HHz were noted. However, these were expected under the open operating
conditions of the ICI test, with the RF loads and test consoles in the same room
with the equipment under test. Second and third harmonic signals were also
detectable when using the B transmitter. Again, these were consistent with data
from the transmitter tests.

No signals were detected which would preclude proceeding with the vehicle-
level EMI testing. Although the enviromnent of the ICI test precludes accurate
EM! measurements, any problems which may have been masked by the background and
which show up during formal vehicle tests should be at a level which can be
controlled by wire routing and/or additional shielding of cable segments. This
type of correction could be made at the time of the Vehicle-level test without
requiring equipment redesign.

6.4.3.2 Component and Subsystem Baseline Data. The data obtained during
ICI generally verified the measurements made at the individual equipment level.
Additional baseline data consisted of the waveform at the BDP interface and data
taken using the IONDS test receiver. The IONDS receiver was difficult to use in
that the receiver exhibited stable periods of operation alternating with periods
in which noise and/or instability would override attempts to perform
measurements. Some of the initial ICI operational problems were traced to EMT
from RF testing in the same building. Later problems could not be positively
identified. However, considerable noise was observed on the power lines to the
test set. In addition, it was noted that connecting or disconnecting test'
equipment from power lines in the same room (although not the same line with the
test set) would generate errors in measurements or cause the recover lock to
recycle. Power isolation units were not available during the ICI test, and
therefore, measurements were made during stable periods.

The following items summarize the measurements performed with the test
receivers.

"* Li Variations. The maximum shift from the value set at t5.0 volts with
the BDP off was 0.1 dB.

"" L3 Variation. Correlation was identical at all voltages with the BDP
on, and wth the BDP off at 25.5 volts. Values measured with the BDP
off at 27.0 volts and 28.0 volts were plus and minus 0.3 d8.
respectively.
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* Carrier Phase Noise. Phase noise was measured on L1 and on L3 at ETV
but voltages of 25.5, 27.0, and at 28.0 volts with the BDP on and off.
Ll phase noise varied from 100 to 200 milliradians with the variations
apparently time-dependent rather than related to ETV voltage or on/off
condition of the BDP. L3 phase noise was stable at 38 to
40 milliradians.

* Carrier IAM. Carrier incidental amplitude modulation (IAM) was measured
on Ll and L3 for the three ETV bus voltages and for the BDP on and off.
Values obtained ranged from 6.75 to 8.0 milliradians for L3 and 3.35 to
4.0 milliradians for Ll. Although values appear to increase with the
bus voltage, the range is within the drift of the measurement.

The checkout equipment for the ICI test included the IGS monitor and
control test set which housed the ETV 28-volt dc supply, the Navstar receiver,
and ancillary test equipment (see Figure 112).

Figure 112. Checkout Equipment fit the ICI Test

151



SPA opm'ions/Ingration & l Rockwell
Satellite System,% *hi 01% International

The Navstar receiver was available for checkout of the simulated navigation
subsystem, if required, and for checkout of the L3 transmission system. This
receiver is equivalent in performance to the PSE receiver utilized in the GPS
navigation test set.

The general IGS monitor and control sec contains transmitters for
calibrating the Navstar receiver which can operate LI, L2 , and L3 signals and
the various special test devices including RF power meters, oscillographs,
spectrum analyzer, frequency-time center, digital voltmeter, and the ETV 28-Vdc
power supply.

The console was upgraded to include a full sensitivity IONDS receiver for
the system/EMC test in March 1978. This receiver was developed specifically for
the IGS test program. Panel components are shown in Figure 113. The console
functions are listed in Table 35.

6.5 GPS INTEGRATION TESTS

GPS integration tests were undertaken to satisfy two basic requirements:
(1) verify that the addition of IGS hardware to the CPS does not impact the
primary GPS mission and (2) verify that the GPS is supportive of the IGS payload.

These objectives were satisfied by means of a comprehensive test program
which involved the use of the GPS development test vehicle (DTV) and the
creation of an ETV together with use of the GPS telecom simulator, GPS user
receivers, GPS test sets, a new IGS test set, and GPS software and documentation
(including the creation of new software and documentation pertinent to the IGS
payload).

The integration program utilized the DTV for tests involving physical
characteristics and the ETV for tests involving electrical characteristics for
both CPS and IGS. The DTV and IGS configurations varied for each test.
Consequently, :est configurations were delineated separately for each test.

The GPS integration test program consisted of the folloving tests:

"* RU compatibility test

"* Intermodulation noise test

"* System test

"* E14C test

"* lGS threshold sensitivity

"* Acoustics

The objectives, locations, key parateters measured, ti.e period, and vehicle are
overviewed in Table 36.
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Figure 113. IGS Control and Monitor Test Set Equ.,:ment Layout

Table 35. ICI Console Operations

"* Detect and output NAV data from L, carrier

"* Detect and output IONflS data from L 3 carrier

*Acquire C/A-code and handover and track T--code()

*Correlate and detect L3 P-code

9 Hligh sensitivity !;pread spectrto receiver

e Gtocatible with CPS codt, forn--t

*Provide IF eoutput for *ignal me*-urement by NAVSTAR receiver

* ~ploy noncoherent delay lock loop (DLL-) with frequency aiding for
code track

e Single DUI is ulted to position reference code ifor L, - C/A. L; - P
4oaid L3 - P signals

* A singlA- carrier rcongtruction Icoon vith ANK and I'LL twdes it used
u) acquire and track the I., or '3 ",rrier

e Ht1ah-resalution digital nuj-ler controlled oscillato"r, are eze-oved
4if the code and carrier tracking Ice-p. to provide ve,,- accurate
frquencv prenet, haid, and aindc-N'er capatbilit::
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Table 36. Integration Test Overview

Key SD
Test Veh Date Objectives Parameters Report

RF signal ETV Aug Determine impact Delta range sigmas SD 77-GP-
compatibility 13, 1977 of IGS ýrans- on L1 and L2 (DRS) 0046

mission on NAV
system users

Intermodula- ETV Dec 23, Determine impact DRS and TT&C CMD SD 78-GP-
tion noise 1977 of IGS trans- threshold 0007
test mission on NAV

system users and
TT&C

System test ETV Mar 21, Determine impact Interface signals SD 78-GP-
1978 of IGS inter- structure 0012

faces on NAV,
EPS, TT&C D1 , D2 , D3 test

software
Develop IGS
software and
signal
interfaces

EMC test ETV Mar 31, Determine IGS 27 Vdc transients SD 78-GP-
1978 impact on EPS TBD

and other
systems

IGS threshold ETV Mar 21, Determine IGS Receiver thresh- SD 78-GP-
sensitivity 1978 system thresh- old BER variation 0012-3

old with STI

receiver

Acoustics DTV Oct Determine IGS CPS and 1iS compo- SD 77-GP-
1976 component impact nent GRMS vs 10010-1,

on CPS levels frequency 2, 3, 4

Determine levels
at IGS
components

6.5.1 RF Signal Compatibility Test

The RF signal compatibility testing was performed to confirm that the IGS
and SCT secondary payload transmissions do not degrade the GPS L-band navigation
signals and to paitially confirm the capability of the GPS navigation system to
support IGS data transmission. Details of the testing and test data are
documented in Rockwell report SD 77-GP-004b.
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6.5.1.1 Configuration. The GPS navigation link was simulated using
nignals generated by the telecoummunications aisulator. Its outputs were fed to
the GPS engineering model LI and L2 high-power amplifiers, which were coupled to
a GPS production L-band antenna by means of the GPS engineering model diplexer.
Components were mounted in flight locations, together with the secondary
payloads RF transmitting hardware (Figure 114). The ETV was installed in the
anechoic chamber as illustrated in Figure 115.

The Magnavox F-set receiver, Serial No. 10, was used to verify actual user
segment performance on this baseline coufiguration for subsequent comparisons
with operating conditions measured with secondary payloads transmitting. The
overall test schematic is shown in Figure 116.

Key X-set parameters that were measured and their specified tolerance
limits are tabulated in Table 37. The data acquired during testing included the
full scope of the acceptance test analyzer (ATA) program set uaed to evaluate
X-set receiver performance using a calibrated GPS source.

The -163 dBW signal strength is the GPS user average received power level.
The -173 dBW signal strength was selected because at lower power levels Costas
cycle slips and track losses started to occur.

The test was conducted on a simulated GPS vehicle (ETV) in the Naval
Weapons Station anechoic chambtr on August 11 and August 12, 1977.

6.5.1.2 Test Results. The data acquired as a baseline (Figures 117 and
118) were favorably compared to data acquired during user receiver acceptance

L2 0PA
UHF XMTR*AMF_

i /'•"

}A.v .z .
Y S9A4PANL t SUP~NT

ANT SHFG ANT. ft

'K•ANTEN•4A r- " - "O R

Figure 114. ETV RF Corspatibility Test Configuration
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Figure 115. Electrical Test Vehicle Installed
in Anechoic Chamber
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3 3W ENCDE TAP

IYWW,-- ------------------
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Table 37. GPS/SPL Signal Compatibility Parameters

Key Measurements Parameter Limits

Signal strength -163 dBW -171 dBW

C/No. 36-38 dB 28-32 dB

Data & parity errors 1j-5 WER 10-5 WER
(Six word errors per five subframes)

Pseudo-range 1.5 meters 1.5 meters

Delta range sigmas 0.012 meter 0.02 meter

26 "" TRIPLEXER. -163 d8w, 0-0-068

24

AILIP
22 DIPLEXER, .163 d ~w. 0 GPS/RECEIVER THRESHOLD COMPARISONSIGNAL LEVEL NOTED dBW
20 BASELINE COMPARISON

18

W 16z
0N 14- IPLEXER

:-173 d \w TRIPLEXER. ,73 dow.. ! ~~~o'-0.015 \o .t
b 12i -\- .1

6-

0.002 0.006 0.010 0.014 0.018 0.022 0026 0.030 0.031 0.038 0.042
Oz 7 ,'AETERS)

Figure 117. L1 User Impact

tests and NTS 2 tracking. In the figures, the parameter delta range sigma was
used for the P code channels. Delta range has been ascertained as the most
noise sensitive navigation user parameter.

L1 Channel Impact. Channel degradation was not evident with the normal

operating level of -163 dBW. At -173 dBW, a slight shift of 0.003 meter in the

value of delta range sigma (DRS) is shown (see Figure 117). This is the only

notable test degradation and is caused by a small increase (0.2 dB) in the

insertion loss for the L1 channel by the triplexer. This small degradation will

be eliminated when a qualified triplexer becomes available.
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Figure 118. L2 User Impact

L2 Channel Impact. Figure 118 shows that the L2 channel performance has
been improved by the triplexer; this improvement is traceable to a decrease in
the triplexer insertion loss for the L2 channel over the diplexer. The
differences in 1. and L2 insertion losses between diplexer and triplexer used
above were measured in conjunction with the GPS antenna with the appropriate
antenna cable. These data were taken at a later date than those shown in
Table 26 and under different testing conditions.

Isolation Tests. The IGS transmission impacts also were analyzed at an
equivalent sigual level of 25 dB greater than specified without impact to 11 or
L2 users.

6.5.1.3 Intermodulation Noise Test. The intermodulation noise test was
designed to determine the extent to which secondary payloads impacted the on-
board TT&C receiver. The test also confirmed the results obtained on the RF
compatibility test and established that uplin., trensmissions do not generate
deleterious intermodulation noise products.

6.5.1.4 Configuration. The ETV was configured to provide a single-channel
TT&C subsystem and a complete navigation subsystem except for the use of a
single frequency standard instead of the three used on FSV I of the GPS. TT&C
and navigation components were flight units derived from the GPS qualification
test vehicle (QTV). The IGS system required special interface design, and
consequently, the baseband processor and navigation diplexer were modified
flight-type units to accommodate the IGS. Again, the components were mounted in
flight locations (see Figure 119).
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Figure 119. Intermod Test Equipment on ETV

Table 38. TT&C Key Parameters

Key Measurements Parameter Limits

S-bit error threshold -105 dBm

Command threshold -105 dBm

Carrier threshold -105 dBw

The T¶&C key parameters are given in Table 38. These parameters provide a
test of the receiver's ability to acquire a carrier, to activate the co�aad
decoders, and to satisfactorily decode the co�.nda received. The effect of
secondary payloads vas delineated as the increase in uplink energy needed to
achieve these basic functions.

6.5.1.5 Test Equipment. The addition of the TT&C system to the test
configuration required additional GSE. In particular, it was necessary Lo

utilize the telecom test set (Figure 120) and the data acquisition, control, and
processing test set (Figures 121 and 122). The telecom teat set contained
the uplink and dovnlink signal conditioning hardware necessary to simulate an
RTS of the satellite control facility (SCF). while the DACP provided simulation
of the satellite test center (STC) (see Table 39). The telecom test set and the
DAC? vrre identical to unite utilized in the SPS prograSS eXcept for minor
changes (memory expansion) in the DACP.

The combined telecom test set and DACP pert�itted checkout of the TT&C

system to the CI'S factory test level. Further, when the IGS control and uon�tor
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Figure 120. IGS Telecom Test-Set

Table 39. lOS Telecom Test Set Functions

* Provides vehicle/DACP interface for data and commands

e Provides S-band up-link signal for commanding

* Receives S-band downlink signal for data processing

Is Provides timing for DACP

console was added, checkout of the navigation system to factory levels also was
achieved, although the navigation user receiver was maintained as the prime
element of navigation system evaluation.

6.5.1.6 Test Results. The data defined for baseline navigation and TT&C
system operation were compared to data acquired during the operation of
secondary payloads, in the manner described earlier for the RF compatibility
tests. Delta range signal was used again as the key test parameter. It was
supported by tabulated data of C/N0, data errors, signal strength, and absolute
values of pseudo-range. The threshold values of TT&C parameters (shown in
Figure 123) were used to estimate the impact of the IGS (and SCT) on TT&C
performance.t
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Figure 121. Data Acquisition, Control,
and Processing Test Set

Figure 122. DACP Peripheral Equipment
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Figure 123. TT&C Intermodulation Noise Test Results

L1 Channel Impact. As in the previous test, degradation waa not evident in
the Ll channel. Figures 117 and 118 show no degradation at either -163 dBW or
-173 dBW for operation with P-coded data or C/A-coded data.

L2 Channel Impact. The L2 channel also was not degraded by secondary
payload operations. Figure 118 shows the pseudo-range signal values to be
nearly identical for either case with each run displaying the same mean value.

6.5.2 TT&C Impact

Degradation to the M&C system was not detected during the testing.
Figure 123 shous that the four threshold coand values have been maintained
under both sets of operating conditions.

6.5.3 System Test

The IGS/GPS system test was conducted to determine the capability of the
GPS to support IGS operation, as specified, while demonstrating that the ICS
does not impact the navigation, EFS. and TM"C subsystems.

The key parameters subjected to test and the source of these parameters are
given in Table 40.

In Table 41, it can be seen that the interface signal verificat.ion taken

during the test certifies the correctness of interface documentation. )
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Table 40. L3 Transmission Tests

Expected
Test Parameter Value Reference

ETV hardware RF power output > 15 watts MH08-00013

Coding Diff/block/convol MH08-00013

Data rate 200 b/s MH08-00013
BPSK spectra sin x/x wave MH08-00013

Carrier phase noise < 100 mrad MH08-00013

LI - L3 code delay < 15 ns STI Verbal

L -L3 code delay variation < 1.5 ns STI Verbal
Xl epoch delay < 100 ns MH08-00012

System L3 data transmission
threshold -133 dBm Link margin

Correlation loss 0.6 dB Link margin

Character error rate - BER= 10-5 Link margin

Cross-strapping, shown in Figure 124, illustrates the data channel and
interface signal interconnection between the IGS and the GPS subsystem. The
cross-strapping matrix of Table 42 shows how the various data were routed during
the system test.

In Table 43, a readout of prestored BDP memory, the Dl data are "TESTMEM."
Table 44 shows D2, which is a readout of the SOH data from the BDP. Table 45
lists D3 data and the X and Y sensor calibration data. Dl and D2 are read out
automatically from the DACP. The D3 data were required to be analyzed manually
by Sandia.

Figure 125 shows the overall test configuration from ETV through to the
DACP. The BPP was uploaded via TT&C, and SOH was read out at the DACP via the
telecom test set. Dl and D3 data were read out via the 200-bps data stream
emanating from the IGS monitor and control console to the DACP.

Tab Runs A, B, C, and D show typical memory dumps of data acquired at the
DACP during the system test. The acquired data correspond precisely to the
expected results from Dl and D2. D3 analysis by Sandia verified data
transmission accuracy.

During the testing, it was determined that several interface functions were
not within specification. Table 46 describes these out-of-specification signals
together with the impacts associated with each anomaly, the cause, and the
involved interface. Most interface problems were associated with an incorrect
specification. The distribution of 10.23-Mlz signals by IGS is about 2.8 dB
lower than stipulated in the ICD (see Figure 126). Here, losses for cab.e and
power splitters were inadvertently omitted from ICD consideration. The losses
encountered were deemed typical for this signal. No adverse impacts to SCT or
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Figure 124. Cross-Strapping

Table 42. Cross-Strapping Matrix

GPS IS CPS

DC-DC BBP BDP L3 Rx DCD PCM Tx Analysis

D1 A&B A&C A&B A&B . . .. DACP (automatic)
D') Aw'B A&C A.;*&B A&B l&2 A 1 1 "$ 2 DACP . visual

f _
D3 A&B A&C A&B A 6a I. Sandia

IGS componrnts resulted from the low signal pulse level, indicating that
considerable margin is available within the BDP and SCT components. Further,
the L3 system was uot impacted by the excessive rise/fall times on data A and B
I noe s.

The XI epoch delay at the BBP/BDP interface was not ueasured due to
difficulty in achieving measurement with insufficient test points. The PCH 2
SO1 signals were not transmitted because some channels were damaged by
static electric charges which occurred during QTV thar=a1-vacuua tests (see
Figure 127).

Figmre 127 indicates the areas where the cross-strapping teats for poerin,

the BBP were completed. Also, wiring of the ETV for this test (which had a
modified 3B?) precluded wiring the navigation dc-dc Converter B to the 55P
without restructuring the coeand subsystem. The ocission was considered Minor
with respect to IGS interfaces, and tests were conducted on the dc-dc A side
only. The data transmission matrix is listed in Table 47. *a4 the cross-
strapping problems are tabulated in Table 46.
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-.. ~Tab1 43. IGS 'Jheckout Test Run (Cont) -- --
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Table-43. IGS Checkout Test Run (Cont)
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-- ~..1. Table 43. IGS Checkout Test Run_(Cont)-
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.,Table 41. IGS Checkout Test Run (Con.)_____
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Table 46. Interface Verification Test Anomalies

Test Parameter Remarks Impact

BB/P-IGS/SCT 10.23 MHz distr Levels marginal (see None; to be corrected
chart); inadequate in NDS 6 and Phase II
distr losses hardware
considered

BB/P-BDP Xl epoch False Z-count trig- Corrected by replac-
gering caused by ing shielded wire
clock spiking into with coax cable
Xl epoch cable

DCD-BDP Data A&B Rise ti :e degrada- None; respecify TR
tion due to cable at end of cable
capacitance (S/B <
5 'Ps, IS425 vs)

DCD-BDP Data & enable Some clock noise & None; investigate
spiking on signals for origin

TI-BOX-BDP 200 Hz clock No ICD compliance None; interim engi-
with respect to neering solution;
level, overshoot, & corrected in TIE box
crosstalk design

PCM No. 2- PCM signals PCM No. 2 unit not None; testing com-
BDP operational plete on PCM No. I

BB/P-BDP Xl epoch delay Not completed due to None; reschedule test
measurement
difficulty

PCM-BDP/SCT SOH enables TTL-levels (engi- None; Phase II hard-
neering solution) ware will correct

VERIFIED FUNCTIONALLY

A , A - TEST MEIT
L DATA 402 - Z COUNT CORR.

SOH DATA
LD3 -BDY, BDX CAL

LIMITED F
Figure2. s SOH DATA

CANALOG DATA
DISCRETE DATA

R DCD DCD PCM Tx, Tx2

LIM ED NOTO0PER.

TES t'G

Figure 127. Cross-Strapping Results
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Table 47. Data Transmission Matrix

GPS IGS GPS

DC-DC BBP BDP L3 Rx DCD PCIM Tx Analysis

Dl A A&C A&B A&B - - - DCAP (Automatic)

D2  A A&C A&B A&B 1&2 A&B l&2 l&2 DCAP & visual

D3 A A&C A&B A&B 1 A&B 1 1 Sandia

Table 48. ETV Cross-Strapping Problems

Unit Remarks IGS Impact

DC-dc Converter ETV unable to switch to None; supplies power to
A only B side of converter basic GPS units only.

without second clock Has been proven in CPS
tests

PCM No. 1 only PCM No. 2 not opera- None; GPS proven
tional (defective TT&C capability
component)

* Conclusion: IGS data transmission compatible with all signal and
power switching functions within IGS.,

Dc-dc and TT&C switching proven on CPS.

6.5.4 EMC Test

The space vehicle EMC test was conducted as an ,el,'ncc to the ; tegrated
system test (IST). It involved hardware, software, au. jr.edures that wer•
identical to those used on IST. The test itself was concerned with the impact
of secondary payloads on the GPS power system. The IGS system impact occurred
when the BDP commands "power on" to the L3 transmission system.

Power transients in the BDP were negligible. The space vehicle, equipped
with a power conditioning unit having a poor load regulation did, however,
display a transient drop of 4 volts in the line for approximately
10 milliseconds. The in-rush current level reached 31 amperes for
1 millisecond. These rather large transients did not, however, impact the space

vehicle subsystem operation. The excessive voltage drop did require that the

SCT processor power supply be modified to preclude memory dumps during IGS L3
transmitter turn on.

An analysis coupled with a test program using breadboard transmitters and
the EDM models was undertaken to establish transient characteristics of a

typical transmitter design. A second test phase was implemented which evolved
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techniques for limiting the in-rush current to 10 amperes for 50 microseconds.

Appropriate modificatious have been made to the flight transmitters.

6.5.5 Threshold Sensitivity Tests

The IGS threshold sensitivity tests were conducted before and after the
space vehicle EMC test on the ETV vehicle. Sensor thresholds (both X and
Y sensors) were tested by Sandia in the Y-sensor grading test series. The X and
Y sensors achieved threshold level settings of 12C4 and 1OC4, respectively,
without data transmission degradation on the D3 routine. Operation at 12C3 and
10C3 with the Y-sensor confirmed that the sensitivity had exceeded the
background noise level.

The Y-sensor ground test was conducted prior to EMC with the EMC
instrumentation installed on the ETV. The L3 transmission threshold sensitivity
tests were conducted after EMC without instrumentation.

The L3 transmission test involved the IONDS receiver manufactured by
Ctanford Telecommunications, Inc. The receiver had been partially tested, and
some unfinished boards were substituted for items still in assembly. Also, this
receiver's L3 channel had not been factory adjusted for optimum L3 operation.
(The LI channel had been utilized extensively during IST/EMC testing periods for
tracking the NDS 1 data for GPS support.) Since NDS 1 effective radiated power
(ERP) was rated at -121 dBm and data of excellent quality had been acquired on
NDS-I, good performance on Li was a certainty, and good performance on L3 would
be achievabie on the as-built receiver.

The overall L3 transmission sensitivity test setup is shown in Figure 128.

The L3 and LI transmitter outputs as received on the chamber antenna were
measured separately on the HP 435A power meter. The L1 threshold for C/A,
P code, carrier, and sync lock was then determined by increasing attenuator
settings (which decreases signal to receiver). Subsequently, the signal was
decreased until P-code lock was lost (the most sensitive signal parameter). The
attenuator setting corresponded to a signal level of -137 dBm.

Attenuator settings were then adjusted beyond the point where all signals
were lost and then decreased to find the point where lock on all functions was
regained. The power setting corresponded to a signal level of -136 dBm (a losr
of 1 dW). This was determined to be the Li signal threshold.

It was not possible to cause Ll to handover to L3 at -136 dBm. Handover
was accomplished at a setting of -126.5 dBm for all functions (9.5 dB less
sensitivity than Ll). Several iterations of this procedure produced the same
result.

Estimations of group delay loss for group delay greater than
15 nanoseconds between Li and L3 might reasonably account for more than a 2-dB
loss in threshold sensitivity (see Figure 129 for group delay loss impact). The
Stanford Telecommunications representetive stipulated that, when properly
adjusted, the L3 channel sensitivity (assuming no group delay) would perform as
well as the L1 channel (-136 dBm). This condition will be shown at IONDS
receiver acceptance testing. Note that this is a function of the Stanford
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*relecommunications design because it uses a single delay lock loop to position
the reference code for LI-C/A, L1 -P, and L3 -P signals. Other sets, such as the
Magnavox X-set, are not sensitive to this delay.

The group delay (L1 to L3) was not measured due to test hardware
limitations which could not be overcome during the IST schedule. The group
delay could account for the entire 9.5-dB loss if the actual delay were of the
order of 65 nanoseconds (refer to correlation loss versus group deldy plotted in
Figure 129).

The group delay measurement is scheduled for July 1978 to confirm the
sensitivity loss and to establish receiver sensitivity capability in the event
that the Li receiver performance meets the -133 dBm power level specification
during the acceptance test.

The procedure used on threshold sensitivity included sending test routine
Dl and adjusting the attenuator until the transmission became errorless on all
three routines. This occurred at the same setting, -126.5 dBm, establishing
that performance was limited by RF signul amplitude, not bit data content.

The procedure was then altered to add D2 and D3 test routines to establish
that all data transmission could be successfully achieved at threshold on both
the A/A (transmission and processor systems in A channel) and B/B (transmission
and processor set to B channels) configurations.

6.5.6 Y-Sensor Grounding and Threshold Tests

The X- and Y-sensor thresholds were set to 12C8 and 10C8, respectively.
(Sandia asserted that these will be the sensor threshold level settings in
operation.) Oscilloscope probes were attached to monitor frame-to-circuit
coamon noise at the BDY detector and to monitor sensor signal and noise at the
YMOA S6 analog amplifier. The S6 amplifier output had an amplificaciou of 69 dB
above the actual silicon diode optical sensor output. Traces on these two
oscilloscopes were monitored during various ETV configurations and tests. These
configurations included STC on and off, L, L2. and L3 on and off, and D3 GBDoperational modes and sensor excitation.

During Mrv full-up configuration, the CPS optical trigger sensitivities
were lowered to determine the noise and background levels which would pass
trigger thresholds. Those signals pasu'ng the trigger test conditions generated
L3 event data outputs.

A comparison oa previous Sandia bench tests and ETV tests was made to
determine if any major degrading occurred on the ETV. No serious degrading,
becausa of systea noise, was noticed. These tests were made with the low light
background of the anechoic chamber. Future testing say require an artificial
light source to siculate the earth ulbedo.

During soe of the ETV configuration changes, the GBD was configured in 3
sensitive trigger code (IGS serial comands IOC4 and 12C4). Although these GBD
trigger levels were near the level at which noise and background triggers would
occur, no false triggers were experienced,
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The link margiu analysis stipulates that L3 operation be accomplished at a
signal level of -133 dBm. While the results of the above test were extremely
encouraging from a total system viewpoint, the test will be repeated (on
hardline coaxial cables) when the TONDS receiver is completed. A summary of the
preliminary threshold test results is listed in Table 49.

6.5.7 Vehicle Acoustic Test

The GPS forward bulkhead design allowed for installation of additional
devices for both primary and secondary missions. The spider, which is the
vehicle forward load bearing surface, was considered to be stressed by these
secondary payloads. At best, the payloads were considered as additional weight
whose mass reduced the vibration levels on the panel and, at worst, a load which
could impact design integrity. Further, it was necessary to determine the
vibration environment for all secondary payload components at the space vehicle
locations planned for orbital operation.

The vehicle acoustic test was performed at the B-1 Division of Rockwell
International in the same manner as the three previous GPS tests performed on
the GPS development test vehicle. Instrumentation, facilities, and test
procedures duplicated these of the third test of the DTV series.

The acoustic test consisted of five separate acoustic runs devised to
evaluate alternative secondary payload configurations that may exist on the GPS
spacecraft. The variation in the resultant spectrums was small for the
configurations of the IGS hardware tested. In all cases, the components
experienced relatively benign environments, with the exception of a few low
energy peaks at structural resonance frequencies.

During the equalization run before the first test ron at qualification test
levels, a failure of one of the Y-sensor sunshade baffles occurred. The baffle
ring had partially separated at its bond inside the sunshade. It was
subsequently bolted to the sunshade, and the tests were carried out. In the
last run, the bolts were removed to determit~e whether they caused any deviation
to the test results; no noticeable differenca in the sunshade spectrum was
detected and total separation did not occur. Subsequent failure analysis
revealed that the baffle was slightly oversized, preventing the baffle from
being fully seated prior to bonding per design. None of the other baffles had
this problem, and no problem is anticipated with the flight sunshade. Complete
test data and procedures are published in Rockwell report SD 77-GP-O010-1, 2, 3,
and 4.

6.5.7.1 Configuration. The test configuration consisted of the GPS
developm,:t test vehicle with mass simulators of the GPS and secondary payload
hardware installed. Figure 130 shows the secondary payload hardware mounted on
the forward bulkhead (i.e., the IGS sunshade, the X-sensor, and the AFSAT
single-channel transponder antennas).

Five tuns made up the total acoustic program. Table 50 describes the test
configuration of each run. During the first two runs (Runs A and B), the IGS
and SCT payload hardware were installed on the DTv. Two runs were necessary to
make all of the accelerometer measurements required. The Y-sensor sunshade
configuration differed in Runs A and B. During Run B, the sunshade was attached
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Table 49. Threshold Test Summary

Predicted measured
Signal Specification Threshold Threshold Margin

C F C/No. C C/No.

L1 C/A !-133 dBn i37 dB-Hz -144.5dBe 25.5 dB-Hz -145.7 dBm 12.7 dB
code

L1 C/A -133 dBM 37 dB-Hz -142 dBm 28 dB-Hz -145.7 dBm 12.7 dB
carrier

SP 1 -133 dBm !37 dB-Hz -137 dBm 33 dB-Hz -136.8 dBm 3.6 dB

Tracking code ;
L, P -133 dBm i37 dB-Hz -142 dBm 28 dB-Itz -142.8 dBm 9.8 dB
carrier

(1)
L3 P -133 dBm 37 dB-Hz -137 dBm 33 dB-Hz -127.5 dBm (5.5 dB)
code j i

L3  -133 dBm 37 dB-Hz -142 dBm 28 dB-Hz -134.5 dBm 1.5 dB
carrier

LI C/A -133 dBm i37 dB-Hz -146 dBm AFC 24 -145.7 d9n 12.7 dR
Acquisition carrier -142 dBm dB-Hz

PLL 28
dB-Hz

L P -133 d8m 37 dB-Hz -13- dBm 33 dB-Hz -135.4 dBm .2..i dB
code

I.3 P -133 dBm j 37 d8-Hz -137 dam 33 rB-Ie -126.5 dBm() 1  (6.5 d3)
code I

(1) Threshold adjustment on L3 correlator/and I. delay with respect c-, Lt.
Receiver noise figure Ls assumed to be 4.5 3B.

Figure 130. DTV With Secondary Payload
Hardware on Forward Bulkhead
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Ta..e 50. Suary of Secondary Payloads Acoustic Testing

Test Task ID SCT Test Configuration/Conditions

DTV test preparation .. IGS Y-sensor sunshade configuration
2. ALL IGS, SCT, and GPS mass simulators and 66

accelerometers installed at Seal Beach facility.
a. All 27 SCT system mass simulator component

accelerometers installed
b. All 28 IGS mass simulator component

accelerometers installed
c. 11 of the GPS mass simulator component

accelerometers installed

Phase 1: I. Empty acoustic chamber checkout
(Acoustic test 2. Pre-test instrumentation setup
chamber and DIV 3. Qualification-level equalization
test preparation)

Phase II: Run A All 27 SCT, all 28 IGS, and 11 GPS accelerometers
(SCT + IGS baseline) utilized

Phase 11: Run B All SCT accelerometers except the 3 identified as
(SCT + 1GS baseline) 3XYZ are removed and reinstalled at untested GPS

mass si=ulator locations, and the Y-sensor sunshade
is changed to Configuration 2. Acc.lerometer '48
installed at +X side of Y-sensor/sunshade interface

Phase III: Run C I All SCT mass simulators rezoved irt-.. DIOV (including
(IG baseline) accolerometers 3XVlZ). and the preferred Y-sensotn

-sunshade configuration (determinod fro Runs A and
B) utilite-d. Sunshade Confi;uracion 1 va'a used.

Phase IlI: aun U 1 Same as Run C, above, with Y-sensor sunshade
(1GS baseline) wunting bracket en forw.rd bulkhead re.oved.

Accelero=eter 1-7Z was zoved and rena=-d 197Z

IPhe II: Run E Sa=e as Run 0, 4bove. vith Y-senasor tunshaJe ral4-
(10 baseline) tio~n baffle ring. 'holding bholts removed

to the Y-sensor as well as the forward structural, ah•er. This configuration is
shown in Figure 131 and is referred to as Installation Configuration 2. In the
first run. with both payioads installed, Y-sensor Sunshade Configuration I was
selected. In this configuration, the sunshade was not attached to the Y-sensOr.
In the third run (Run C), the s$t packages were removed, and roly the IG$
secondary payload packages rewaine4. The objectivo of this run was to detetin.
if the enviror-uent was different for an IG$-only configuration. The sutshade
was removed from the forward structural ccmber and attached to te top of the Y-
sensor on the --ouatct& flange in Rut D. The objective of this fourtt run was co
detem-ine if the Y-sensor and the sunshade could be tested as an integral unit
with only a single interface to the GPS spacecraft at a Y-sensor shear panel

acunting. Again, the SCT packages were not present. The bolts were removed

£93



I
Space Oporations/lntegratlon & Rockwell

Satellite Systems Division International

S/ O•A. SPACER O~fTTlD

S-A hWA 1

12 IN,.A-,-TOI

Figue 13. Aterntiv SunFIhUadeO Montng

BULKNUEAO SPCE

v X YSENSORI

1.25/' -,LI

BRCE 4$9Y•A IRCE

XYCONFIGIRATION 2

•k•fSHIEAR• PANEL

Figure 131. Alternative Sunshade Mountings

from the failed baffle ring, and a final run was made to determine whether
further separation would occur when exposed to the severe acoustic environment
and whether the bolts affected the reccrded spectrums.

6.5.7.2 'rest Results. Component qualification environments, Figures 132
t"-ough 139, were derived from a composite of the spectrums of the first four
te't rvns. Enviioaments recommended are presented for different types of
compc, aent testing hardware. Reduction in induced total energy can be obtained
by pioper spectrum seiection and ctill encompass the spectrums recorded during
the test.

It was concludea from the test results that the sunshade only needs to be
attached to the Y-sensor. The variation in Y-sensor electronics vibration
spectrums between alternative attachment configurations was negligible. This
approach eases the complexity of the component vibration test fixture and
satellite installatir•n.

In general, tb'ý highest excitation occurred in the direction perpendicular
to the bulkhead to which the component is mounted. The peak level for
Accelerometer 23 mounted on the L3 transmitter, for example, was 2.0 g2 /Hz in
the Y directions. Appendixes A through D of Rockwell Vibration Test Report,
SD 77-GP-0012-2, present the vibration spectrums recorded on the IGS components, .
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Figure 132. IGS X-Sensor Random Vibration Qualification Levels (X-Axis)
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Vibration of the spacecraft was most severe in the 400- to 700-Hz range. A
secondary level of vibration was in the 100-Hz to 250-Hz frequeacy range. As a
unit, the spacecraft is expected to respond quite well in the frequency range of
its ring frequency, which is approximately 600 Hz. Responsns in the 100- to
250-Hz frequency range indicate the frequency range of the natural frequencies
of panels and bulkheads.

The data indicate system noise influence in the frequency range from 20 to
150 Hz, with a maximum around 100 Hz. This noise was corrected during the
vibration testing by using trial and error methods. Noise could not be
eliminated by an exact procedure due to the nature of the noise, which tended to
be more pronounced at low-energy levels than at high-energy levels.

Table 51 tabulates the maximum g root mean square (rme) measured by a given
accelerometer during the various test runs. The rms value represents the total
energy of the entire acoustics spectrum, while the plot itself depicts only the
energy from 20 to 2,000 Hz. Integration of the plot will therefore result in
lower g rms value than measured.

Table 52 compares the differences between the g rms level obtained during
the test and that of the resultant plot defining the environment for the
component testing. These values indicate the total energy to be imparted during
component qualification testing as compared to that measured during the acoustic
test.

Table 51. Summary of IGS Component G rms Test Results

Accelerometer Recommended
Location Test Qualification

IGS Component Identification ID (grmb) Test Level

X-sensor, X-axis 2X 9.0 20.0
X-sensor, Y-axis 2Y 6.9 15.0
X-sensor, Z-axis 2Z 6.7 15.0
IGS-GPS triplexer, X-axis 6X 2.6 24.5
IGS-GPS triplexer, Y-axis 6Y 7.8 24.5
IGS-GPS triplexer, Z-axis 6Z 7.1 24.5
Data processor, X-axis 15X 2.5 12.4
Data processor, Y-axis 15Y 1.9 12.4
Data processor, Z-axis 15Z 2.9 12.4
Blk cony encoder, X-axis 22X 4.8 13.9
Blk cony encoder, Y-axis 22Y 17.5 27.8
Blk cony encoder, Z-axis 22Z 5.0 13.9
L3 HPA Transmitter 1, X-axis 23X 5.5 13.9
L3 HPA Transmitter 1, Y-axis 23" 14.0 27.8
L3 HPA Transmitter 1, Z-axis 23Z 5.6 13.9
L3 HPA Transmitter 2, X-axis 24X 4.7 13.9
L3 HPA Transmitter 2, Y-axis 24Y 15.6 27.8
L3 HPA Transmitter 2, Z-axis 24Z 9.3 13.9
Y-sensor, X-axis 29X 5.3 12.2
Y-sensor, Y-axis 29Y 12.0 ,I 13.4
'-sensor, Z-axis 29Z 9.0 J 12.2
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Table 52. Comparison of IGS Test G rms Values

SCT + IGS Baoeline* 1GSBaseline*IGS Component Itass Accelerometer
Simulator Identification ID Runs A and B (g rms) Run C (g rms)

X-sensor 2X 8.2 7.9 9.0
X-sensor 2Y 6.5 7.4 . 6.9
X-sensor 2Z 7.0 7.9 6.7
IGS-GPS triplexer 6X 2.6 2.6 2.6
IGS-GPS triplexer 6Y 8.7 7.3 7.8
IGS-GPS triplexer 6Z 7.9 7.1 7.1
Data processor 15X 2.5 2.7 2.5
Data processor 15Y 2.0 L.9 1.9
Data processor 15Z 2.4 2.5 2.9
Blk cony encoder 22X 4.9 4.6 4.8
Blk cony encoder 22Y 16.5 17.2 17.5
Blk conv encoder 22Z 5.5 5.2 5.0
L3 HPA Transmitter 1 23X 5.1 5.0 5.5
L3 HPA Transmitter 1 23Y 13.5 13.6 14.0
L3 HPA Transmitter 1 23Z 5.9 5.5 5.6
T3 HPA Transmitter 2 24X 4.3 4.3 4.7
L, HPA Transmitter 2 24Y 15.0 14.6 15.6
LU HPA Transmitter 2 24Z 9.1 8.2 9.3
Y-,,qnsor 29X 5.7 5.9 6.3
Y-sensor 29Y 8.0 10.6 12.0
Y-sernor 29Z 7.2 9.0

*SCT plus IGS baseline and the IGS baseline DTV configurations

6.6 GPS/SPL ThERMAL CONTROL TESTS

Extensive (TV thermal testing during the GPS development and the detailed
thermal math model developed for GPS combined to provide an excellent data base
for IGS thermal designs. In addition, the thermal math model for GPS was
validated by comprehensive testing pe:formed on, the DTV and QTV corroborated by
orbital data from NDS 1 and NDS 2. When direction was received to install IGS
on NDS 6, it was determined to be most cost-effective and low risk not to
conduct thermal control testing until full thermal-vacuum testing is
accomplished on the NDS 6 IGS.

The basic objectives of the GPS secondary payloads thermal control program
implemented for IGS were (1) to verify the IGS thermal control design, (2) to
provide thermal orbital flight prediction, and (3) to establish the temperature
impact on GPS equipment from the implementation of the IGS system.

6.6.1 Thermal Control System Objectives

The objective of the GPS thermal control system is to assure the long-life
reliability of all components by maintaining their temperature within proper
bounds. This is accomplished passively for most equipment by the following:
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* Thermal control louvers which regulate the heat rejection to space as a
function of space vehicle temperature

* Thermal control coatings and thermal blankets, which establish the
temperaLure level of the space vehicle

* Thermal doublers and the basi,' structure of the space vehicle to
distribute and store thermal energy

The RCS wetted surfaces, the batteries, the RCS motor, and the LI-MOD/IPA
are controlled by thermostatically controlled heaters.

The thermal design was verified at various stages in the program by
thermal-vacuum tests on the development test vehicle, the RCS breadboard, and
the qualification test vehicle. Flight test data )n NDS 1 and NDS 2 have shown
that the thermal control system is performing within requirements and as
expected.

To incorporate secondary payloads into the GPS vehicle, a thermal analysis
was perfoimed to define the SPL thermal control design modification and
determine the temperature effects of adding the piayloads to the GPS satellite.
The analysis indicated that temperature changes for GPS components were minor
and all components remain within their specified temperature limits. The
minimal temperature impact of secondary payloads on the GPS satellite is due to
an optimized thermal control design which requires a minimum-of modifications to
the satellite and .establishes a high level of assurance that the GPS/SPL thermal
control~design will perform as expected.

6.6.2 Thermal Requirements

The SPL thermal control subsystem (TCS) requirements are to integrate the
SPL equipment into the GPS thermal control design and maintain SPL and GPS
equipment temperatures within specified limits. To eliminate the need for
temperature requalification of GPS equipment, the integration of SPL equipment
must not modify the GPS thermal control design or significantly impact the
energy balance. The SPL TCS also must provide a reasonable margin in
controlling component temperature extremes to account for uncertainties or
variations in equipment dissipation, mounting interface conductances, satellite
orientation, solar radiation, and degradation of thermal control surface
properties durir. the life of the mission.

The SPL equipment will be qualified according to MIL-STD-1540 component
temperature limits of -340C to +710C. The GPS equipment qualification limits
are more restrictive. In particular, the cesium clock and rubidium frequency
standard temperature variation must be controlled to less than 40C per orbit.
This temperature variation requirement muat be met during various satellite
operational modes in which equipment power dissipation varies considerably.

6.6.3 Thermal Control Configuration

The SPL thermal control design for IGS and IGS/SCT configurations
emphasizes the placement of equipment in locations that minimize conduction and
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radiation exchange with GPS equipment and thereby minimize impact on GPS
component temperatures. The design philosophy is to couple equipment
conductively to radiator areas or exterior panels and thereby reduce energy
exchange coupling between SPL and GPS equipment. High heat dissipating
equipment is located on the shear panels to take advantage of their optimum heat
rejection capability due to minimal solar exposure. Mounting equipment on shear
panels also reduces thermal doubler requirements and weight impact.

1"he remaining equipment, mainly the low heat dissipating components, are
located on the aft bulkhead and require nc heater control. An additional
radiator on the aft bulkhead is utilized for the IGS/SCT configuration to
maintain SPL equipment (UHF and SUF receivers) within temperature limits. The
aft bulkhead radiator utilizes silverized Teflon tape and is sized for
degradation of surface properties due to plume impingeaent. and solar exposure.
The thermal control design of the IGS and IGS/SCT configurations is identical
except for the aft bulkhead radiator required for the UOF and SIF receivers on
the IGS/SCT configuration.

6.6.4 Component Mounting

The SPL component mounting requirements are divided into two categories:
high and low heat dissipating components. The high heat dissipating equipment
is mounted on the shear panels to take advantage of their optimum heat rejection
capability. The existing GPS shear panel doubler areas are enlarged to provide
mounting areas for the SPL equipment, giving required mounting interface surface
flatness and conduction fin efficiency foi proper temperature control. The lov
heat dissipating equipment is mounted on the aft bulkhead and requires no
thermal doublers since the structural bulkhead is adequate in conducting the low
level of heat dissipation.

6.6.5 Thermal Doublers

The GPS thermal control design relies on doublers to assist in the
conduction of equipment heat to the shear pane! radiator areas. The design
requires only minor enlargements of existing doublers to accommodate the
mounting of SPL equipment and provide the required conduction fin efficiencies.
The weight of the additional doubler areas required for SPL is 1.55 pounds. The
SPL doubler requirements (eniargements of existing GPS doublers) are illustrated
in Figure 140.

6.6.6 Thermal Control Coatings

The SPL thermal control design relies solely on the use of CPS-approved
thermal coatings and tapes and requires no modifications of the therel co.atrol
utilized on the CPS satellite. The exterior surfaces of SFL electronic
components are coated vith a high-emittance black paint to enthance internal
radiation exchange and minimize temperature gradients vitbin the spacecraft.
The aft bulkhead radiator is covered vith silverited Teflon to aid in cooponent
heat rejection and reflection of incident solar radiation. S-13 GLO vhite paint
and cultilayer insulation are utilized on the t,%F and SHIF antenna exteriors as
vell as on the X-sensor and Y-sensor surchade to reduce temperature excursions.
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6.6.7 Thermal Math Model

The thermal math model consists of a network of lumped nodal capacitances,
conductances, radiation couplings, beat inputs, and boundary conditions
representing spacecraft structure, energy transfer paths, mission-related power
dissipation timelinos, and envirornental heat loadings. The GPS math model has
been validated by correlation with vehicle qualification test results. The SPL
math model is basically the GPS model modified for the incorporation of SPL
equipment. The SPL nodal inputs are described in Table 53, while the SPL
equipment dissipation is given in Table 54. The SPL equipment nodal iocations
are showu in Figures 141 through 145.

6.6.3 Thermal Control Subsystem Impacts

An analysis was performed to determine the tem-erature cffects of adding
both IGS and IGSISCT payloads to the GPS spacecraf.. kesults of the analysis,
showu in Tables 55 through 60, indicate only minor temperature ch.ages for GPS
components, with all ccmponents remaining within their acceptance temperature
limits. The iinimal temperature impact of IGS and IGS/S;-.t payloads on the GPS
satellite is due to an optimized thermal control design which requires minimum
modifications of the GPS satellite.

The temperature effects caused by adding the IGS and IGS/SCT payloads are
shown in Tables 57 and 60, respectively. The tables list the maximum acceptance
limits, maximum allowable predictions, and vehicle qualification test results
for each GPS component. The remaining columns show the impact of IGS or IGS/SCT
payload additions to GPS component temperatures. Two conditions were examined

Table 53. SPL Nodal Inputs

Weight- Specific Heat
Node No. Component (1b) (Btu/Ib-°F)

784 Reference generator (SCT) 7.7 0.25
785 Digital processor (SCT) 8.3
787 VU{F receiver (SCT) 10.3
786 UHF diplexer (SCT) 4.5
/88 MF transmitter (SCT) 11.6
789 SHF receiver (SCT) 10.5
790 Transec (SCT) 5.0 0.25
791 UHF antenna (SCT) 3.1 -
792 SHF antenna (SCT) 1.8 -
793 X-sensor (IGS) 3.1 0.25
794 Y-sensor (IGS) 10.7
712 Triplexer (IGS) 0.4
796 Data processor (IGS) 20.8
797 L3 HPA + switch (IGS) 6.6
798 L3 HPA (IGS) 5.9
799 TI encoder (Ir-S) 1.7 0.25

795,800,801 Y-sensor sunshade (IGS) 4.5 -
802,804 Y-sensor MLI (IGS) 10.7
80- MHF antenna MLI (SCT) -
806 SHEF antenna MLI (SCT) -
807 X-sensor shade (IGS) 3.1-
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Table 54. SPL Equipment Power Dissipation

Power. Dissipation (w)

Item Standby .Mode Transmit mode

SCT

Reference Generator 5.3 5.3
Digital processor 12.3 12.3
UHF receiver 8.7 8.7
UHF diplexer 0.0 1.8
URF transmitter 0.1 49.4
SEF receiver 9.8 9.8
Transec 6.3 6.3

IGS

K-sensor i.0 1.0
Y-sensor 1.5 1.5
Triplexer 5.8 7.5
Data processor 9.0 9.0
L3 12A + switch 0.0 58.0
L3 UPA 0.0 58.0*
TI encoder 3.2 6.2

*Redundant
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Figure 141. SPL Equipment Nodal Location - Forward Face, Forward Bulkhead
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Table 55. IGS Equipment Temperatures -

On-Orbit Steady-State Cold Case

Equipment Temperature (*C)

X-sensor 14
Y-sensor 9

Triplexer 20
Data processor 16
L3 HPA transmitter + switch 8

L3 HPA transmitter 8
TIE 9

Table 56. IGS Equipment Temperatures - On-Orbit Steady-State Hot Case

Temperature (*C)

Power
Steady-State Transient Standby Transmit

Equipment (w) Steady-State At 1 Hour

X-sensor 1.0 28 28
Y-sensor 1.5 21 21

Triplexer 5.8/7.5 31 34
Data processor 9.0 25 25
L3 HPA + switch 0.0/58.0 14 30
L3 HPA 0.0 14 25
TIE 3.2/6.2

for the IGS payload impact. One was a steady-state orbit average analysis with
the IGS equipment in a standby mode. The other was a transient analysis with
the IGS, SCT, and IGS/SCT equipment in a transmit mode for one hour.

As shown in Table 53, the impact of adding the IGS payload results in minor
GPS equipment tempexature increases over the qualification test results. The
noticeable exceptions are the PCU and EPS control electronics unit, which
have 80C and 90C increases, respectively, over their qualification test results.
A few GPS components actually operate at a lower temperature level than
qualification test results due to math model inaccuracies or SPL thermal control
design additions. Examples of this are the diplexer/triplexer, LCU, and PCM.
In sumary, the impact of IGS payload on GPS is minor, requiring no
requalification of GPS equipment and few thermal control design changes.

The IGS/SCT payload addition also results in minor GPS equipment
temperature increases over the qualification test results as shown in Table 56.
The noticeable exceptions are Batteries 1 and 2, the PCU, and the EPS control
electronics unit, which have respectively 70C, 60C, 11oC, and lOC temperature
increases over their qualification test results. Although the impact of the
IGS/SCT payload on GPS is minor and requires no requalification of GPS
equipment, it does require a few thermal control design changes, including
additional radiator area on the aft bulkhead for heat rejection.
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Table 57. GPS Component Temperatures - Hot Case (IGS Configuration)

CPS GPS GPS and ICS-IGS

Accept. Allowable Test and ICS-IGS Transmit
Component Spec Pred Results Standby at 1 Hour

Navigation Subsystem

Bpseband processor 47 36 29 31 31

L1 HPA 60 49 45 44 45

Ll MOD/IPA 56 45 32 33 34

LIiL2 carrier synchronizer 49 38 26 25 26

L2 HPA 40 29 21 25 25

L2 ..OD/IPA 50 39 29 31 32
Frequency standard 1 (Rb) 45 45 20 22 22
Frequency standard 2 (Rb) 45 45 32 34 34

Diplexer/triplexer 46 35 35 31 34

Cl clock 45 45 - 40 40

EPS

DC/DC converter 60 49 29 32 32
Battery 1 30 30 3 7 7

Battery 2 30 30 3 7 7

Battery 3 30 30 7 4 4

PCU 60 49 27 35 35

LCU 60 49 29 25 25

Control electronics 60 49 15 24 24

AVCS

Reaction wheel 60 49 36 36 36

Reaction wheel 60 49 36 36 36

Reaction wheel 60 49 36 36 36
Reaction wheel 60 49 36 36 36

Control electronics 48 37 27 27 27
CES 60 49 30 29 29

TTUC

PCM 60 49 31 25 25

RF unit 60 49 23 25 25
Signal conditioner 60 49 24 26 26

KIR-23 60 49 29 25 25

KIR-23 60 49 24 25 25

Cormand decoder 60 49 21 25 25
Transmitter 55 44 21 24 25
Transmitter 55 44 22 24 24
Receiver/demodulator 55 44 23 25 25

Receiver/demodulator 55 44 23 25 25

The GPS model utilized for the hot orbital analyses was a hot bias
*( spacecraft with a maximum solar constant (442 Btu/hr-ft 2 ) and a 0-degree

maximum eclipse environment. The GPS navigation subsystem was in the high-power
mode, with the TT&C subsystem dissipation averaged for the entire orbit. The
electrical power subsystem was at the average eclipse loads (charge/discharge),
and the attitude and velocity control subsystem was at normal (hot bias) loads.
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The GPS model utilized for the cold orbital analyses was a cold bias
spacecraft with a minimum solar constant (415 Btu/hr-ft 2 ) and a a = 90-degree
full sun orbit. The navigation subsystem was in the L1 and L2 mode, and the EPS
was at the trickle charge loads.

Tablc 58. SCT/IGS Equipment Temperatures -

On-Orbit Steady-State Cold Case

Temperature

Equipment ( 0 C)

SCT

Reference generator 9
Digital processor 5

LHF diplexer 12
UHF receiver -2
UHF transmitter 6
SHF receiver -2
Transec 16

IGS

X-sensor 12
Y-sensor 8
Triplexer 19
Data processor 1.
L3 HPA transmitter + switch 7
L3 HPA transmitter 7
TIE 9

Table 59. SCT/IGS Equipment Temperatures - On-Orbit Steady-State Hot Case

r r
Power 

Temp C

Steady-State/ Steady-State IGS Transmit, SCT Transmit, I SCT Transmit,
Transient SCT/lGS SCT Standby IGS Standby IGS Transmit,

Equip(ent W(W) Standby at 1 Hour at 1 Hour at 1 Hour

SCT -

Reference generator 5.3 26 26 26 26
Digital processor 12.3 22 22 23 i 23
U11F receiver 8.7 43 43 43 1 43
UHF diplexer 0.0/1.3 19 19 20 j 21
UHF transmitter 0.1/49.4 14 14 29 29SHF receiver 9.8 47 47 47 47Transecee 6.3 27 27 27 27

IGS

X-sensor 1.0 26 26 26 26
Y-sensor 1.5 21 21 21 22
Triplexer 5.8/7.5 33 35 33 35
Data processor 9.0 27 27 27 27
L3 HPA + switch 0.0/58.0 14 30 14 30
L3 HPA f 0.0 14 25 14 25
TIE 3.2/6.2 18 21 18 21
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Table 60. GPS Component Temperatures - Hot Case (IGS/SCT Configuration)

GPS and CPS and CPS and GPS and

GPS SCT/LGS- SCT/IGS--GS SCT/IGS-SCT SCT/IGS

Accept. Allow. Test Standby Transmit, Transmit, SCT Transmit

Component Spec Pred Results SCT/IGS SCT Standby IGS Standby IGS Transmit

.ýdvigation Subsystem

Baseb~iad processor 47 36 29 32 32 32 32
Ll iiPA 60 49 45 45 45 45 45

LI MOD/[PA 56 45 32 34 34 34 34
Ll/L, carrier 49 33 26 26 26 27 27
synthesizer

L2 HPA synthesizer 40 29 21 25 25 25 26

L2 XOD/IPA 50 39 29 32 32 32 32

Frequency Std 1 (Rb) 45 45 20 23 23 23 23
Frequency Std 2 (Rb) 45 45 32 33 33 33 33

diplvxer/tripl.xer 46 35 35 33 35 33 35
Cl clock 45 45 - 44 44 44 44

EPS

JC/JC convorter 60 49 29 33 33 33 33
Latter" 1 30 30 3 10 10 10 10
Battery 2 30 30 3 9 9 9 9
Battery 3 30 30 7 5 5 5 5
PCU 60 49 27 38 38 38 38
LCU 60 49 29 26 26 26 27
Control electronics 60 49 15 26 26 26 26

,VCS

Reaction wheel 60 49 36 36 36 36 36
Reaction wheel 60 49 36 36 36 36 36
Reaction wheel 60 49 36 36 36 36 36
Reaction wheel 60 49 36 36 36 36 16
Control electronics 48 37 27 28 28 28 28
CES 60 49 30 28 28 28 28

TT&C

PC'I 60 49 31 26 27 27 27
RF unit 60 49 23 26 26 26 26

Signal conditioner 60 49 24 27 27 27 27

KIR-23 60 49 29 27 27 27 27

KIR-23 60 49 24 26 26 26 26
Command decoder 60 49 21 26 26 26 26

Transmitter 55 44 21 23 25 25 26

Transmitter 55 44 22 25 25 25 25
Receiver/demodulator 55 44 23 26 26 26 26
Receiver/demodulator 55 1 '4 23 26 26 26 26
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7. CONCLUSIONS AND RECOMMENDATIONS

7.A CONCLUSIONS

The validation test has verified that the SPL IGS/GPS operates as specified
without impact to the basic GPS navigation mission.

The test program involved integration and testing of the. complete SPL IGS
system installed on the GPS vehicle. Anechoic chamber tests were run with both
payloads operating and with all transmitters operating at full power. No
detectable cross coupling of transmitter/receiver combinations was observed. -

The following conclusions have been derived:

9 Minimum modifications to GPS to accoimnodate IGS achieved

- Timing, power, TT&C, and antenna interfaces provided without impact to
the GPS navigation payload or mission

9 The IGS system does not impact the navigation system performance

- Tested using the GPS X-set receiver and no effect on the navigation
system was verified

- Antenna pattern testing verified no impact otn-navigation patterns with
IGS added

- Anechoic chamber tests with all transmitters operating at full power
verified that there were no undesireable intermodulation products that
affect the IGS/GPS mission

# IGS design goals achieved

- Ll/L 3 handoff workable and proven

- Weight and power within specifications and budget

- Environmental levels verified and tested

- Vibroacoustic and thermal levels established

- EDM tested to qualification levels
- Full qualification tests completed

- L3 should not impact the radio astronomy service due to low power and
duty cycle. A radio astronomy filter is planned for extended duty
cycle.
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7.2 RECOMMENDATIONS

The performance of a full-up test on FSV 6 is recommended.

"* EMI: The ETV survey indicated minor problems which were corrected;
should have full-up test with all GPS and IGS systems operating.

"* Thermal: Math model indicates no problem; needs augmented (performance
versus design/workmanship) thermal-vacuum test on FSV 6 for verification.

I2
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APPENDIX. RADIO ASTRONOMY INTERFERENCE STUDY

The GPS space vehicle with the IGS secondary payload radiates three spread-
spectrum modulated carriers designated L1 (1575.42 MHz), L2 (1227.6 MHz), and L3
(1381.05 MHz) which contain spectra within two radio astronomy bands allocated
worldwide. This appendix contains the background, requirements, measurements,
and data analyses relevant to evaluating the potential radio astronomy signal
interference levels.

BACKGROUND

Radio astronomy is primarily the passive observation of radio frequency
sources in our own and distant galaxies at various frequencies ranging from a
few megahertz to a few tens of gigahertz. The characteristics of these radio
sources vary from broadband continuum-type radiation to narrow line emissions,
all of vhich show practically no modulation other than random noise.
Observations of these signals generally fall into two broad classes. Class A
observations, often used in the study of cosmic emissions of relatively high
intensity, are those in which the sensitivity of the equipment is not a primary
factor. Many observations fall into this class, and continuity is a primary
factor.

The nature oA Class B observations is such that advanced low-noise
receivers, long integration times, and wide receiver bandwidths are usually
involved, and their tignificance is critically dependent on the sensitivity of
the equipment used in making them. Potential interference with this latter
class of observation is the primary emphasis of this appendix.

The sensitivity of a rad.io astronomy observation can be defined as the
smallest power level change that can, with high certainty, be detected and
measured. International Radio Consdltative Committee (CCIR) Annex 7-I notes
that the smallest detectable change

depends on the bandwidth used for th'i observition, on the total effective
noise temperature of the radiometer and .ntenna, and on the length of time
over which the power in a single observation is integrated. In simple
terms, the most sensitive observatious are those made with the smallest
system noise temperature, the largest bandwidth and the longest integration
times. Good techniques can reduce the system temperature, integration
times of a large fraction of a day can be used if the telescope tracks the
source, but the bandwidth must be chosen to suit the experiment. For
example, when an observation of a source spectrum is needed, and it is
believed that the spectrum is regular, operation with large bandwidths and
for long integration times is feasible when no harmful interference is
present, with consequent increase in sensitivity. But when the spec~rm• of
a fairly narrow line is being observed, the fine detail in the spectruTr may
only be observable if a narrow bandwidth is used; such observations are
then less sensitive.
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The observation of line emissions is one of the most difficult tasks in
radio astronomy. High gain antennas, low-noise receivers, and complex
electronic processing equipment are used, with integration times of many hours
being common. Protectiontherefore, is required from the harmful interference
that can occur when an unwanted signal flux impinging on the antenna is so great
that the background operating noise is .ncteased by an amount comparable to the
signal being observed.

If the Radio Astronomy Service (RAS) is to secure the advantage of low-
noise receivers, the interference should not produce an error of more than
10 percent in the measurement of the desired signal. This raises the question
of whether any harmful interference can be tolerated by the Radio Abtronomy
Service. Although the answer is somewhat subjective and many radio astronomers
would reply that no harmful interference can ever be tolerated, many radio
astronomers do excellent work in the presence of bursts of strong interference.

This led the authors of CCIR Annex 7-1 to conclude "that strong
recognizable interference can be tolerated if it zcurs in short bursts for a
small fraction of the total time," while "an insidious danger to the Radio
Astronomy Service lies in interference just below the power level at which it
can be recognized, present for large fractions of the total time." Furthermore,
the report states, "unless harmonic suppression much greater than 80 dB is
provided in transmitter designs, services employing high transmitter powers will
cause interference, if assigned to operate within the line-of-sight at
frequencies sub-harmonically related to those employed by the Radio Astronomy
Service."

For many sources, the best times of observation are controlled by natural
phenomena and are limited to the time when the object is well above the horizon.
Since these signals are weak in relation to typical high'power transmitters and
have no unique encoding to improve detectability, the Radio Astronomy Service is
extremely susceptible to interference. To ensure continued progress in this
field, a series of radio frequency bands have been set aside by international
agreement to provide some protection for the observations. Two of these bands,
1400 to 1427 MHz for the observation of the hydrogen lines (1420 M1z, 1425 MHz)
and 1664.4 to 1668.4 Mz for the observation of the O radical lines (1666 MH.L
and 1667 MHz), are in the near vicinity of the L1 , L2 , and L3 frequencies and
are the major topics of this study. Although these are line spectr:a, they can
exhibit a doppler shift or broadening in frequency depending on th,& relativt
velocity of the source and radio telescope. This can become especLally
significant for extragalactic quasi-stellar radio sources (quasars) which
typically appear to be receding from the earth. In these cases, red shift, or
apparent lowering of line frequency, occurs, shifting the H and OR lines toward
the L3 and LI frequencies.

Although the 1400- to 1427-Mz band has proved very satisfactory for
neutral hydrogen in the past, the use of larger telescopes and more seasitive
receivers has made possible the observation of more distant galaxies whose red
shift moves the line to frequencies below 1400 MHz. An extension of some degree
of protection down to 1390 Mlz would be of considerable value for inproving such
observations, and such an extension down to 1350 WIz is being considered.
Similarly, the basic hydroxyl frequencies are observable within a
band extending from 1660 to 1570 Miz. Other hydroxl lines, which occur near
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1612 and 1721 M•z can be observed in a band of about 1 M0z centered on their
rest frequency. For this reason, frequency adminstrators have been urged to
give all practicable protection in the 1660- to 1670-MHz band for future
research. An additional 20 Mlz, up to 1690 MHz, are used by Albania, Bulgaria,
Hungary, Poland, Romania, Czechoslovakia, and the USSR in their radio astronomy
observations.

The IONDS payload for the GPS spacecraft is being developed under the
guideline of no impact on the host vehicle's mission capability. In order to
minimize cost, risk and vehicle impact, as many existing GPS components as
possible are used to support the IONDS payload. The key area for using existing
components is the downlink. Piggyback use of the existing GPS L-band navigation
and S-band telemetry data links was considered for the IONDS data link.
However, no existing link was available that could provide the required data
rate and flexibility of receiving terminal to satisfy the IONDS users' The use
of an L-band frequency between Ll and L2 was driven by the need for minimum
impact to the GPS spacecraft. Using any other frequency would drive the need
for an additional antenna, which would significantly impact the spacecraft and
possibly degrade present mission capabilities.

Preliminary investigations emphasized the GPS L-band antenna performance,
potential interference with the 1. and L2 navigation links (at either the
satellite or the user receiver), potential intermodulation effects with GPS
downlinks, and the existence of the protected Radio Astronomy Service band at
1400 to 1427 MHz. These results, when combined with preliminlary FMO guidance
(USAFFREQHGTOFC/DONF 071530 May 1976), resulted in five frequencies in the 1350-
to 1400-10z band being selected for evaluation. The IGS frequency selection
criteria were as follows:

"* Use navigation mission antenna

"* Minimum interference to GPS L1 and L2. (LI is more critical
than L2 .)

* Minimum interference to TT&C receive band

* Minimum interference to 1400- to 1427-M0z radio astrocomy band

* L3 synthesized from rubidium clock frequency

* Preliminary USAF/FNO guidance 1350 to 1400 10*:

* USAF/FMO•/DONF 071530Z May 1976

* Support secondary to radio location service

A tradeoff among these frequencies (Table A-0) indicated that 1350.36 and
1381.05 MHz were the best options available. Furthercore, subsequent antenna
testing revealed a VSR singularity that varied between 1365 and 1375 Ma1,
precluding the use of frequencies in that band. The key factor in selecting
1381.05 1z over 1350.36 was the iopact on L2 . -the triplexer design is affected
by intercarrier isolation. The isolation between L3 and L2 using the three-pole
filter design was approxlately the sane as the L1/L2 isolation, assuring
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Table A-1. Frequency Selection Summary

L1 L2 TT&C Synthesizer
Isolation Isolation Interference Mechanization

Candidate Fc (39 dB) (39 dB) (1783.84 MHz) 10.23 Ratio

1381.05 Mlz -51 dB -44 dB 1769.79 Mlz 135

1375.935 MHz -52.5 dB -42 dB 1774.90 MRz 134.5

1370.82 Hfz -54.5 4B -40.5 dB 1780.02 MHz 134

1364.0 MHz -55.5 dB -38 dB 1785.84 MRz 133-1/3

1350.36 MHz -57 dB -30.5 dB 1800.84 Ml:z 132

Note: Subsequent antenna testing identified VSWR singularity which
essentially precludes use of 1365-1375 Mlz band

minimal L3 impact on the navigation mission. The isolation at 1350.36 was
almost 10 dB less than the -39-dB criteria that had been selected based on the
GPS design to assure no impact on user equipment. Although 1381.05 MHz resulted
in a signal level approximately 14 db higher in the 1400- to 1427-Mz region,
discussions with radio astronomers in the Los Angeles area indicated that the
infrequent, short IONDS transmissions should provide negligible interference.
"½ addition. a radio astronomy band filter should bring the L3 signal level.
below the -238 dBW/m2 /Hz criteria used in th'i GPS design. Similarly, frequency
synthesis was not a major factor since 1381.05 and 1350.36 MHz are equally
implementable. Using a frequency in the 1240- to 1290-MIz band was considered
as requested (UqAFFRE )TOFC Wash DC/FHO 3010OZ June 1977) but is not
technically feasible because of its probable impact on L2.

The L3 selection process is outlined as follows:

* Five frequencies in preliminary guidance range

* Only 1381.05 McI has attenuation at Ll and L2 equal to or better than Ll
at L2 and L2 at LI

* 1350.36 M•z puts least energy in TT&C band. 1381.05 M•I nearly as good

* 1350.36 MI: puts least energy in 1400- to 1420-HI: band. 1381.05 MI:
approximately 14 dB above radio astronomy threshold

* ITT proposes five-pole L3 filter for radio astronomy protection ('14-di

protection). Minor triplexer weight change. 1-dB L3 impact

* 1381.05 and 1350.36 ,llz equally synthesizable

Since the compatibility testing compieted in August 1977 indicates there is
no interference between the c-arrant 1381.05-MI: L3 and the existing 1227.6-
161z L2 downlinks, the use of 1350.36 MI: may be more technically feasible than law"
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analytically estimated. The effort to validate the feasibility of using 1350.36
MHz would appear appropriate if the use of that frequency would significantly
reduce lh~itations on the use of IONDS which would be imposed for 1381.05 MHz.
Eliminating restrictions that would require a change in frequency after a
relatively short time (i.e., 5 to 10 years) and/or effectively preclude the
scientifiz community from deliberately using the system to observe severe
weather may be worthy of consideration. Use of the 9ystem in a scientific
lightning mode could result in 10 or more random triggers per day during certain
weather conditions.

The IONDS system is designed to be dormant unless an event triggers the
sensor system. The spacecraft system is being sized to permit up to 60 minutes
of transmission per orbit under extreme (i.e., war) conditions. Normal
operations would consist of scheduled calibration commanded from Continental
U.S. (CONUS) ground stations and random triggers due to natural (i.e., lightning
"superbolt") events. Memory for readout at prescbeduled times for I to
5 minutes in CONUS may also be expected about once a week. Precoordinated tests
of satellites in CONUS which would involve transmission periods of 60 to
90 minutes may be requested several times during the first few years of
operation.

The predominate source of random triggers will be lightning "superbolts"
which have been observed by similar sensors on the VELA and other satellites.
The IONDS sensors will have multiple trigger criteria that will be both
automated and selectable by command to control the random false trigger rate as
near to zero as possible. The VELA satellite system with its unique worldwide
full-time observation capability has recorded a large number of terrestrial
lightning signals each year. A small number of these, estimated to be 10-8 of
the %orldwide flash rate of about 100 per second, could potentially cause randoti
triggers that would not be rejected by trigger logics. Since there is a large
probability that the direct line-of-sight between the satellite and the
lightning flash will be obscured by clouds, the satellites would detect only a
fraction of the lightning flashes. This fraction has been estimated from the
number of single- and dual-satellite lightning observations in which two VELA
satellites were within view of the lightning stroke.

From the ratio of dual- and single-satellite detections, one can estimate
that only 20 percent of these intense lightning strokes will be detected by the
satell~te system. Since the VELA data indicates the number of superbolts
gene-a.!d per year to be about 25, there should be less than one superbolt per
week that will generate random triggers even if the IONDS trigger rate is a
factor of two or so greater than VELk. Also, since the VELA data indicates only
a 0.2 probab 'ility of a dual observation, only one of the four to six GPS
satellites that would be within the appropriate zenith angle of the lightning is
likely to observe the bolt. Although these superbolts have been detected
worldwide, their most frequent occurrence is over Japan and the northeast
Pacific Ocean. They are located in regions of strong convective activity and
have been correlated with severe thunderstorms.

STUDY OVERViEW

The Rockwell investigation was conducted to ascertain the magnitude of

potential interference introduced by the three GPS SV modulated carriers (LI,
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L2 , and L3 ) into the two radio astronomy bands allocated worldwide. Theoretical
spectrum power density levels referred to the earth's surface were calculated
based on GPS transmissions and compared to harmful radio astronomy interference
levels as defined by CCIP. Annex 7-1. Actual spectral measurements made on the
Engineering Test Vehicle (ETV) confirmed these computations.

Results indicated that both LI and L3 exceed CCIR levels. Of these, the L3
spectrum is of most conce--n since the calculated power levels within the radio
astronomy bands can significantly exceed the desired minimum level if no
specific filtering for the 1400- to 1427-MHz radio astronomy band is used. This
potential detrimental effect of L3 interference on the radio astronomy data is
not only a function of the instantaneous energy levels, but also a function of
the interference duty cycle (i.e., interference in band time to radio astronomy
integration). Since less than five minutes of L3 transmission per day per
satellite, including both the normal and tebt and calibration modes is planned,
L3 interference is not expected to affect radio astronomers, who integrate over
long periods of time.

In the event this is unsatisfactory to the RAS, two approaches to reduce
power density, on a worst-case basis, below the specified harmful interference
levels were pursued. They included using either an in-line eight-pole band
reject filter or modifying the triplexer L3 bandpass filter from a three- to a
five-pole design for increased seleqtivity. The possibility of shifting the
filter center frequency down from 1381.05 MHz to a point where the filter skirts
reduce the 1400- to 1427-•z spectral energy to the desired level was also
considered. Since this approach must be consistent with maintaining specified
code track sensitivity, experimental test data using a tunable five-pole filter !
was taken to demonstrate that sufficient tracking sensitivity could be
maintained.

All three frequencies have received developmental approval. The GPS L1 and
L2 navigation frequency assignment notifications, AF Forms 135, were transmitted
to Rockwell on December 29, 1975, providing authority to radiate. Tle IGS L3

frequency of 1381.05 + 12 MHz was approved for developmental use by the Military
Communications Electronics Board (MCEB), Joint Frequency enclosure 12/4607 on
November 16, 1977. However, this approval of L3 requires a coordinated test of
the first- IONDS/GPS vehicle with the Radio Astronomy Service to confirm minimal
interference exists. To date, the L3 transi-Itter has been operated at full
power with the Navstar antenna only during RF compatibility tests within a
shielded anechoic chamber at the Seal Beach Naval Weapons Station (NWS).

REQUIREMENTS

The MCEB approval of the L3 frequency had four stipulations to be met
before an operational frequency was approved. Two have been met. Based on
actual measurements, the maximum L: power flux density at the earth's surface
should be -203 dBW/m 2 /Hz which is below the -144 dBW/m 2 /4 KRz (-180 dBW/m 2 /Hz)
level specified to aid in coordination with other nations. Furthermore, the L3
RF downlink hardware is compliant with MIL-STD-461A. The spurious emission,
which was the primary concern, of -73 dBc at the transmitter output is well
within the -68.76 dBc (-57 dBW with 11.76 dBW transmitter) requirement, and is
further reduced to -119 dBc by the triplexir filtering. A third stipulation, an
ECAC survey of potential interference, is in progress and should be completed by
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mid-1979. The fourth stipulation is the previously mentioned coordination,
-primarily with the RAS, during the flight of NDS 6.

Regulations relevant to Radio Astronomy Service with the associated
frequency ranges and harmful flux densities are contained in Annex 7-1 of CCIR
documents (February - March 1971). The basic information came from CCIR
Report 224-2 which provided realistic calculations of the sensitivity of Class B
observations. Table A-2 and A-3 are extensions of two tables from that report
as provided in Annex 7-1. Table A-2 is typical of line observations and is the
less stringent requirement. The annex states that the information in Table A-3
"t1covers the case of typical measurements of continuum radiation, with reasonable
assumptions as to the ba:dwidth chosen. In both tables, it is assumed that a
2,000-second integration time is used. The quantitative assumptions which led
to the tables are quite realistic and typical of very good present-day
observations."

Signal levels causing harmful interference are specified as power flux
densities for the adjacent bands of interest. Most notable are the 1400- to
1427-MHz and 1664.4- to 1668.4-MHz bands, which have exclusive and secondary
worldwide allocations, respectively. The lines of highest importance within

Table A-2. Harmful Interference Levels (Line)*

Signal Level
Causing Interference

i m K (Isotropic Antenna)-*

Antenna Receiver Harmful Power riux
Noise Noise Typ Sensi- Power Field

Freq Tamp Teaps Bandwidth tivity Input H Streosth
T ,a T.f S AT AP sR•s (dW/ 3H(mil) (oK) *$2• oi dY ( V,) g/11) (dB(11V/U))

20 32,000 200 0.1 1.6 -186 -199 -249 -53

40 6.200 200 0.1 0.32 -193 -200 -250 -54

80 1.000 200 1 0.02 -1% -16 -256 -51

150 200 z00 2 0.0045 -199 -194 -257 -48

327 40 100 2 0.0016 -204 -192 -255 -46

408 26 100 2 0.0014 -204 -190 -253 -45

610 16 100 8 0.00005 -201 -184 -253 -39

1,420 10 20 27 0.00009 -205 -160 -254 -35

1,65 10 20 4 0.00024 -209 -183 -249 -37

2,700 10 20 11 0.00015 -207 1 -177 -247 -31

S.000 10 20 10 0.00015 -207 -171 -241 -16

10.660 .2 20 20 0.00011 -205 -163 -236 -17

5.3SO 16 100 so 0.00026 -197 -152 -22B -.
30,00N j 20 1 00 100 0.0019 -19 1 -145 -225 -1

I -16 -45 -2

12,000 35 2,000 1.000 0.0010 -179 [ -118 -208 -28

*From CIC Annex 7-1 (Table 7-1-I)
'See Table 10
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Table A-3. Harmful Interference Levels (Continuum)*

Signal Level
Causing Interference

(Isotropic Anteanna)
3

Mil Iin
Antenna Receiver Harmful Power Flux
Noise Noise Sensi- Power

Freq. Tempi Temp
2  

tivity Input SF field

f Ta Teff ATe AP S(H • (dBW/ Strength
(H () (-K(oK) (OK) (dw) (dBW/m

2) a
1

/Hg) (dB(uV/m)

1,420 10 20 0.005 -222 -197 -237 -51

1,665 10 20 0.005 -222 -19% -236 -50

4,830 10 20 0.005 -222 -187 -227 -41

23,000 20 100 0.019 -216 -167 -207 -21

115,000 35 2,000 0.32 -207 -142 -182 +4

*From CCIR Annex 7-1 (Table 7-1-I); bandwidth 0.01 MNz, typical for single channel of multichannel

or tunable receiver
'Noise from the gr..und has, provisionally, been assumed to increase antenna temperature by lOoK
2Referred to antenna terminals
3

For antenna of power gain G (dG) in the direction of any unwanted signal, reduce all values by G

Note: An integration time (or total time of observation) of 2000 a is used throughout. For longer
integration times, the minimum detectable power flux will be lover and the unwanted signal

will be harmful at correspondingly lower levels. For example, with a time of observation of

ten hours the relevant figures in the tables should be reduced by 6 dg.

these bands are 1420.405 MHz, 1665.401 MHz, and 1667.358 MHz. This is
consistent with Table A-4, reproduced from the Arecibo Observatory User's
Manual, which includes 1420 MHz and 1667 MHz as two of the prime measurement
frequencies.

Another aspect to be considered in determining interference with the RAS is
the duty cycle of the transmitter. As previously mentioned, radio-telescope
receivers typically integrate the observed signal over a large number of seconds
since the receiver output noise decreases as integration time increases. The

maximum length of time is generally determined by the degree of data smoothing
that can occur without unacceptable loss of data. CCIR Annex 7-1 recognizes
this aspect by permitting an increase in the instantaneous interference level as
a function of duty cycle. This factor (k) is given as

k = 5 logl 0  TI

BT/BR

where T, is the integration tiiie, BT is the number of bits transmitted, and BR

is the bit rate, which, for L3 , is 200 bps.

ANALYSIS RESULTS

The broadcast spectra of LI, L2 , and L3 depend on which code is used to
PRN-modulate the carrier since the data rates (75 bps for GPS and 200 bps
[400 symbols/second] for 10NDS) are insignificant compared to either the 10.23-
MHz P code or 1.023-MHz C/A code. L1 is quadraphase shift key (QPSK) modulated
with both the C/A and P codes and exhibits both the spread P spectrum and
narrower C/A spectrum. L2 and L3 are normally biphase shift key (BPSK)
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modulated with the P code and exhibit only the spread P spectrum characteristics.
In either case the P code provides the basic spectra characteristics. L2 can be
BPSK-modulated with the C/A code alone and in this case has a spectrum that
decreases on either side of the center frequency an order of magnitude faster
than the P code. However, this mode of modulation is rarely used. L3 does not
use the C/A code. All of the spectra that may be broadcast are addressed in
this section, with emphasis placed on the L1 (P) and L3 (P), which have the
greatest potential for RAS interference.

Spectra Computations

Basic spectra plots analyzed consisted of L1 (P, C/A), L3 (P), and the

composite L1 (P, C/A), L2 (P), and L3 (M). L2 (C/A) is also provided although

it has considerably steeper slopes and is of secondary importance relative to an

interference-level investigation. The spectra produced by spread-spectrum PRN
modulation at either or both chip rates (10.23 and 1.023 Mbps for P and C/A

baseband codes, respectively) are the basic source combinations. The output

spectra are further modified by the triplexer in the GPS navigation assembly.

Measured attentuation characteristics of the triplexer were available at 10 MRz

discrete steps, from 1000 to 2000 MHz for this investigation.

Any PRN sequence modulated carrier exhibits a discrete power spectrum of
form (for unit power) of

2 11 2si 00) k
Ii s 0 1 - (f) + - f~* ,,-

M2  M k IvfA T

k -oo

k 0;

where

1 A

M T

with A being the chip period and T being the sequence repetition period.

For a long sequence, the discrete lines are very closely spaced, and a more
useful representation becomes the continuous power spectral density

2 -2 fsin 2fA)

T I sAf)l T f

f =0
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For practical purposes, theA2 6(f) is ignored and the spectrum runs

continuously through f - 0, using 0(f) ( sin ifA , watts/Hz, for unit
'rrf A/

power.

In multiple source cases, the combined spectrum is written as

IP~f 2 ~ P~~A~j(_sin 7T (f-fi)_A 2
•(•)=PijAij~j

i WTf \-(-f fi f

where

fi is the ith carrier

Aj is the jth chip period

Pij is the source power

Aij is the attenuation, including antenna gain

Spectral plots were computed for the configurations listed in Table A-5
using a navigation antenna gain of 12 dB. The spatial spreading loss,

was 157 dB (R = 2 x 107 meters).

Table A-5. Carrier/Code Configurations

Figure Carrier, Code Power Level

A-i, A-5 LI (P, C/A) 15.85 W, 12 dBW (P)
39.81 W, 16 dBW (CIA)

A-6 L2 (P) 10 W

A-9 L2 (C/A) 10 W

A-2, A-10 L3 (P) 17 W

A-l1 L3 (C/A) 17 W

A-12 Li + L2 (P)

"A-3 L1 + L2 (P) + L3 (P)

A-13 Li + L2 (P) + L3 (C/A)

Li 1575.42 MHz L2 = 1227.6 MHz L3 = 1381.05 MHz
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Triplexer attenuation values were interpolated from the discrete network
analyzer measured values shown in Table A-6 (refer to Figure A-i).

The LI bandpass, L2 bandpass, and bandstop filter characteristics are
identical for the current GPS diplexer and the GPS/IONDS triplexer. The L3
bandpass filter is unique to the triplexer.

Figure A-2 shows the combined L1 (P, C/A) plus L2 (P) spectrum radiated
from the GPS satellites for the basic navigation mission. The CCIR requirements
for the 1420-MHz and 1665-MHz bands are provided for reference. This spectrum
is a combination of the individual L1 and L2 spectra shown in Figures A-3 and A-
4. The 1750-MHz to 1825-MHz notch in the spectrum is generated by the triplexer

Table A-6. Discrete Triplexer Values

Insertion Loss (d0) Insertion Loss (dW)
Frequency - Frequency

(MHSz J1 to J4 J2 to J4 J3 to J4 (MB:) Jl to 4 J2 to J4 J3 to J4

1000 63.19 35.72 71.27 1530 0.71 40.94 44.31
1010 57.11 33.00 65.77 1540 0.66 40.67 44.98
1020 58.99 30.48 67.40 1550 0.53 40.86 45.72
1030 56.03 29.02 64.11 1560 0.46 40.74 47.01
1040 54.01 28.08 60.71 1570 0.50 41.57 48.15
1050 53.97 26.90 60.69 1580 0.54 42.06 49.22
1060 54.70 24.85 70.52 1590 0.48 43.17 50.33
1070 53.79 22.07 68.76 1600 0.41 44.13 51.41
1080 53.29 19.05 61.28 1610 0.41 45.01 54.94
1090 51.15 16.78 62.00 1620 0.52 45.92 54.59
1100 51.52 15.22 60.92 1630 0.61 47.12 56.46
1110 49.89 13.22 58.44 1640 0.77 48.42 59.69 J I
1120 49.60 10.34 56.22 1650 1.43 . 48.10 48.94
1130 48.88 6.75 56.91 1660 2.99 48.36 60.65
1140 49.45 3.98 58.23 1670 4.76 47.65 59.20
1150 52.04 2.30 59.11 1680 6 .22 46.51 59 .251160 56.02 1.85 62.12 1690 7.67 45.08 57.65

1170 53.13 0.91 57.88 1700 9.55 45.07 57.27
1180 53.54 0.55 59.33 1710 10.92 44.42 57.94
1190 51.41 0.63 55.59 1720 9.84 41.50 54.61
1200 50.29 0.67 53.87 1730 7.04 37.17 49.44
1210 48.88 0.57 53.09 1740 19.89 48.24 59.63
1220 47.69 0.46 50.50 1750 30.84 58.05 65.82
1230 47.41 0.40 49.66 1760 42.50 63.35 71.33
1240 47.46 0.45 47.93 1770 56.71 69.42 71.20
1250 46.27 0.45 45.90 1780 73.90 74.87 70.70
1260 46.12 0.51 44.66 1790 64.52 69.17 77.80
1270 46.80 1.03 43.73 1800 60.75 69.00 81.55
1280 48.32 2.09 44.36 1810 57.72 81.53 73.73
1290 49.23 3.08 43.50 1820 52.43 66.89 77.91
1300 45.14 3.70 38.06 1830 31.80 52.25 68.77
1310 40.27 4.64 30.68 1840 36.03 55.98 71.01
1320 36.85 6.36 24.51 1850 36.43 55.42 66.83
1330 34.52 8.14 18.63 1860 35.56 53.92 72.21
1340 31.63 9.22 11.73 1870 34.96 52.23 65.43
1350 30.14 11.25 4.90 1880 35.46 52.21 67.08
1360 33.12 17.41 1.87 1890 36.08 52.53 61.24
1370 34.03 21.74 0.78 1900 36.24 52-83 72.64
1380 31.96 22.79 0.49 1910 36.13 51.76 67.36
1390 29.81 23.68 0.58 1920 36.51 52.58 64.82
1400 28.13 25.03 0.77 1930 38.14 52.74 67.75
1410 30.59 30.47 2.23 1940 39.60 53.70 68.93
1420 35.68 38.76 5.30 1950 40.48 $3.35 65.69
1430 23.93 30.35 8.24 1960 40.84 52.90 63.71
1440 17.99 27.45 11.73 1970 41.45 54.94 68.92
1450 15.02 27.70 16.19 1980 42.42 54.74 64.62
1460 12.30 28.42 20.06 1990 43.60 56.62 65.55
1470 9.25 29.15 23.30 2000 45.58 58.60 71.68
1480 6.55 30.54 26.68
1490 4.93 33.40 31.25
1500 3.55 37.37 36.60 4
1510 2.04 40.93 41.42
1520 0.97 41.67 44.04
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L1 Input
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-N Triplee
12 input Otu

to
J3 * Antenna

L3 Input

Figure A-I. Triplexer Diagram
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Figure A-2. Ll, L2 Spectra Plot
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Figure A-3. Ll Spectra Plot (Pl, C/A Codes)
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Figure A-4. L2 Spectra Plot (P Code)
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bandstop filter used to preclude L-band signal interference in the satellite S-
band telemetry receiver. As stated previously, these spectra are basically the
result of the P code, with the -180 dBW/m 2 /Hz spike on L1 being the only obvious
contribution from the C/A code. A similar spike at -195 dBW/mn/Hz would occur
on L2 as shown in Figure A-5 if the C/A code were used in lieu of the P code.
In either case L2 meets the CCIR 1420-MHz requirement and will, therefore, not
be discussed further.

An L-band frequency was selected for IONDS to minimize the interface with
and potential impact on the GPS satellite. By selecting a frequency batween LI
and *12 the, existing L-band antenna could be used. Furthermore, the basic GPS
receiver could be used to receive L1 and L3 , eliminating the necessity for an
interface to provide the basic spacecraft data for the L3 data link. This
latter aspect of the design both reduces the amount of data that must be
transmitted on L3 and precludes the necessity for continuous L3 transmission.
The L3 frequency was to be centered approximately between Ll and L2 to minimize
L3 spectra in the LI and L2 regions. Of the several frequencies in this region
that were reasonably achievable using the 10.23-M~z GPS clock, 1381.05 MHz
provided the best protection for the 1420-MHz RAS. Minimal interference with
GPS was assured by selecting a narrower bandpass filter for L3 than used for L1
and L2 (a60 MHz versus Ž150 MHz). The result was an L3 (P) spectrum as shown in
Figure A-6 which is similar to L2 (P) but with a steeper spectral slope.

The triplexer frequency response characteristics are shown in Figure A-7.
Figure A-8 presents a block diagram of the triplexer.

-195 - -

-2W3

1420 WM4

0t~ 10 PKH& SANDWIDTN
'.4 UECUAhMEN7 LEVEL

I!

Vt V. Wx ANOWI.TH

Fk1OIk*WCY (W41)

Figure A-5. L2 Spectra Plot (C/A Code)
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Figure A-6. IGS Phase II Radio Astronomy Spectra Study
(L3 P Code)
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Figue A7. TiplxerFrequency Response Characteristics

2434



Spa e, OW .,ons/Integraton & Rockwell
Saullit. Systems Division 01% International

f 1  a 1PF Me: 11 X 7 X I Inch"s3 fod 1575 MHz Weight: 3.5 Pounds
3dB 9W •15R MHz RF Powe: 130 Waen

Oisipation: 5 Was

lBPF
foa 1227 MHz Match to - 2 1783 t 2.5 .L1 L2. L3

3 dB BW>150 MHz Stion MHz OUT

L3 IN. aPFfo - 1381.05 MHz

3dB BW>6O MHz

Figure A-8. Triplexer Block Diagram

The resulting L3 (P) spectrum radiates less energy in the Li region than
the Ll signal, less energy in the L1 region than L2 , and less energy in the
1665-MHz RAS band than Ll. However,'continuous L3 transmission clearly exceeds
the CCIR limits for the 1420-MH1z band. This would also be true, as shown in
Figure A-9, if the C/A code were used on L3 in lieu of the P code.

Since L3 is not a continuously transmitting system, the apparent conflict
with the CCIR 1420-141z requirement is not as significant as Figure A-6 implies.
The actual potential interference is a function of the L3 transmission time (or
number of data bits) and the integration time of the radio-telescope. This is
depicted ;1 Figure A-10 using a typical integration time of 2,000 seconds per
CCTR A.-nex 7-I. Figure A-10 makes it clear that the average L3 spectral level
is clearly within the CCIR line interference level for both the typical random
IONDS transmission of less than 2,000 bits and typical scheduled servicing,
which should take less than five minutes. Although the typical L3 random
transmission still exceeds the CCIR continuum interference level for the 1420-
Mlz RAS band, taking its short transaission time into account reduces the
potential interferenc'.e to approximately the same relative level of L1 In the
1665-NH: RAS band.

Two other factors that further decrease the probability of L3 interference
are the low probability that an L3 transmission will occur vithin a bean of a
radio-telescope and the probability that the entire L3 transmission will not
occur within one of the integration segments. The latter factor results from
the fact that large integration times are typically obtained by combining
multiple short segments taken over several days. However, these factors are
beyond the scope of this investigation and will not be considered.
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Figure A-9. L3 Spectra Plot (C/A Code)
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Naval Weapons Station (NVS) Spectra Measurements

Dring system compatibility tests of the ETV at the NWS anechoic chamber, a
speetruw analyzer was used to measure RF signal responses of the GPS/IGS
integrated vehicle. The downlink spectra were transmitted 158 inches (4 meters)
from the ETV to a conical spiral pickup antenna and routed through 80 feet of
cable to the spectrum analyzer, loczted outside the chamber (see Figure A-lI).

The CRT display of the spectrum analyzer was calibrated from a known 30-MHz
calibration signal within the intermediate frequency (IF) unit, so that the top
graticule liLe of the display corresponded to -30 dBW. This calibration level,
with known data for the pickup antenna, interconnecting cables, distance to the

NAV antenna, etc., allowed calculation of equivalent power flux density at the
earth's surface. The peak measured and corresponding theoretical levels, which
agreeL. to within 0.3 dB, are listed in Table A-7.

Test results on the ETV at the NWS during the systems/EMC tests indicated
spectra response similar tb the analyses. Measured peak test levels within the
anechoic chamber were extrapolated to compare with the predicted theoretical
power flux density levels of the earth's surface. Measured points at the
frequencies of inZerest also were extrapolated to the earth's surface and
superimposed on the theoretical charts.as shcwn for the L3 (P) and Ll (P, C/A),

L2 (B), L3 (P) plots in Figure A-12. Worst-case variance of the measured
spectra compared to theoretical was approximately 3 dB at 1665 flz.

ANECHOIC CHAMBER PXASE CENTER

OF GPS/IGS
NAVIGATION

158 IN. "ANTENNA

SMETERS- -

reCONIC:AL SPIRALET
PIC K.UP
ANT ENNA

S~INTERFACE

PANEL

S30. F7OFR5W CABLE g

50 IFT OF RG214/U C.•r A

HP RF SECTION 855;ASPECTRUM IF SECTION 8552S
ANALYZER ( DISPLAY SECTION 141T

Figure A-1I. Naval Weapons Station Measurement Setup
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T3

Table A-7. Comparison of Computed and Measured Peak Spectra Values

Theoretical IWS
Analysis Measured

Parameters Unit Values Values

L1 chip rate and combo P + C/A dBW -43.9 N/A

transmitter power

Navigation antenna gain dB 12.0 N/A

Path loss R- , .- 2 x 107 dB -157 N/A
\4irR2/

meters

Level (Px) of Ll (P + C/A) on dBW N/A -30
spectrum analyzer

Receive antenna gain (pick up dB N/A -8

spiral)

Spectrum analyzer antenna dB N/A 25.4

aperture meters >

Spectrum analyzer cable loss dB N/A 4 11.0
connector pair loss 0.

S~ectrum analyzer antenna at d.B 0 0.1 0
D,' ,> -a>!

N/A

Theoretical transmitter/ dB M/A 0.3
antenna gain A over actual

Space loss (2 z 107 versus dB N/A -134
4 aeters)

Bandwidth A dB N/IA
(300 kEz of spectrum 4aalyzer I54.
versus I Rz theoretical) i7, L -226.8

Power flux dBv -188.9 -189.2 measured extra-
density pradicted polsaed to earth's

a2-tr at eorth's surface
surface

1 -0.3 43 lses siRnal

thsn predicted

Figures A-13 through A-19 show CRT displays of P and C/A modulation codes

at L1 , L2 , and L3 frequencies as taken at the N~aval Weapons Station.

Ridio Astronomy Filters

Since Ll and L3 s ectra exceeded the allowed interfoaence levels vithin the
adjacent radio astronomy bands, an analysis was performed to detetmine the
filters required. Incorporation of in-line band reject filters sufficienrly
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Figure A-12. IGS Phase IIA Radio Astronomy Spectra Plot
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Figure A-13. L, (P, CIA) Spectra (CRT Display)
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Figure A-14. L2 (M) Spectra (CRT Display)
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Figure A-15. L3 (P) Spectra (CRT Display)
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& L2 (P)

-250

1000 100 MHz/div 2000
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Figure A-16. L, (P, C/A) and L2 (P) Spectra (CRT Display)
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Figure A-17. L, (P, C/A), L2 (P), and L3 (P) Spectra (CRT Display)
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Figure A-18. L1 (P, C/A), L2 (P), and 1.3 (P) 1165- to 1665-MHz Spectra

(CRT Display) I
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V
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MHz

Figure A-19. L1 (P, C/A) 1550- to 1600-MHz Spectra (CRT Display)
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modifies the spectral output for compliance with the requirements levels over
the appropriate bandwidths. For these computations the filter was placed in the
antenna feed line between the triplexer stopband output and the helix antenna
input. The filter would produce identical results if placed between the
transmitter output and the input to the appropriate triplexer bandpass filter,
which is the approach being considered for NDS 6. The characteristics of the
radio astronomy filter used in the analysis are shown in the following listing.

* 1400 - 1427 MHz: 4 cascaded 2-pole (8 poles total)

* 1664.4 - 1668.4 MHz: single-pole

e Insertion loss: L3 , 1381.05 MHz 0.8 dB
L1 , 1575.42 MHz 0.1 dB

* Total weight: 2 lb

* Total volume: 20 in. 3

Ninety percent of the estimated weight and volume is attributed to the eight-
pole 1420-MHz filter for L3 with the remainder for the single-pole 1665-MHz
filter for Ll.

Figures A-20 and A-21 are expanded plots of the combined spectra in the
region of the 1665-MHz RAS band. Figure A-20 shows the primary 1664.4-MHz to
1668.4-MHz RAS band as a shaded area and the secondary 1660-MHz to 1690-MHz RAS
band as dashed lines. Figure A-21 shows that the spectra with the single-pole

.2W0

RADIO

~~^EURM NT5 LEVQELMNTLEE
I ,

_• ~ ~ MHz BANDWIDTHC/A

SREQUIREMENT LEVEL

1650 FR-QUNENCY (Mz) L 1750

Figure A-20. L. Expanded Spectra Plot
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1600 1660 15
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Figure A-21. L1 Expanded Spectra Plot With 1664.8- to

1668.4-MHz Filter

radio astronomy filter (RAF) does fall below the CCIR 1665-MHz RAS band
requirements. No computation was made for a filter that would protect the
larger band since it is shared instead of being restricted to RAS use.

Figures A-22 and A-23 show similar combined spectra expanded in the region
of the 1420-MHz RAS band. Again, use of the proposed filter reduces the power
density below the CCIR RAS requirements. The net effect of these two band
reject filters on the overall LI/L 2 /L 3 spectra is shown in Figure A-24.

An alternate approach to reducing spectral energy in the 1400- to 1427-MHz
band is to consider modifying the triplexer L3 bandpass filter. The initial
concept was to increase the filter selectivity by adding several poles to the
present three-pole design. However, this resulted in a significant increase in
the size and weight of the triplexer. A variation in which only two poles were
added and the bandpass center frequency lowered from L3 was then considered. in
this approach, the offset filter skirt would further reduce the 1400- to 1427-
MHz spectral energy to the desired level, consistent with maintaining specified
code track sensitivity. Figures A-25 and A-26, which show the computer
"predictions for this concept, indicate that offsetting the center freuency by
16 MHz should reduce the power density below the required level with only an
additional 0.2-dB loss in L3 signal power.

Since it was not economically practical to verify this approach by
modifying a triplexer, a test was run with a I- to 2-GHz tunable five-pole
filter inserted between the transmitter and triplexer as shown in Figure A-27.
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Figure A-22. L3 Expanded Spectra Plot
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Figure A-23. LI, L2 , L3 Expanded Spectra Plot With 1400-
to 1427-MHz Filter
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Figure A-24. Ll, L2 , L3 Spectra With 1400- to 1427-MHz
to 1668.4-MHz Filters and 1664.8-
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Figure A-25. Five-Pole Bandpass Filter Spectrum 2•
(Computer Prediction) ••
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1.147400

SIi

1350 MHz 1450

Figure A-26. Five-Pole Bandpass Filter Spectrum With
Offset Center Frequency (Computer Prediction)

The IONDS receiver is used in the test to determine the change in tracking
sensitivity due to correlation loss as the center frequency is offset. The
filter, purchased from Telonic, has an approximate 79-MHz bandwidth and 0.8-dB
insertion loss in the frequency range of interest. The filter's frequency
response is shown in Figure A-28.

The test results are indicative of a five-pole bandpass filter design in
the triplexer even though the triplexer three-pole design and the five-pole
tunable filter were included in the testing. This can be seen by noting the
approximate change of 1 dB in the second spectra side lobe level without the
five-pole tunable filter (Figure A-29) and with the filter (Figure A-30).

The next series of CRT displays (Figures A-31 through A-34) are the data
taken as the bandpass center frequency was lowered from the basic L3 frequency
of 1381.05 MHz to 1339.5 MHz. The effect on the L3 spectrum is obvious, and thc
resulting correlation loss reduced the trackirg sensitivity to as much as 2.5 dB
below the -133 dBm specification level.

The data obtained from these tests are sunarized in Table A-8 and
Figure A-35. A significant change in tracking seasitivity clearly occurs around
1345 MHz, which is where the CRT display began showing a significant change in
the center lobe of the L3 spectrum. Therefore, the optimum bandpass, fe, for
the five-pole filter appears to be around 1345.5 MHz, where the reduction of the
highest spectral side lobe in the RAS band was 25 dB and an L3 tracking
"sensitivity of -133.8 dBm was maintained. The spectral energy
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,,, ,,Serial No. 80383-1
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Figure A-28. Five-Pole Filter Pass Band
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Figure A-29. L3 (P) Spectra vith I'o Filter
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Figure A-30. L3 (P) Spectra With Five-Pole Filter (f. 1381.05 MHz)

Second Lobe

0 12-dB Attenuated

ýD L3 (P) With(10 dB/div) 5-Pole Filter
CL Centered at

AJ 1363 MHz

-80

1313 Frequency (MHz) 1413
'10 1Mz/div)

Figure A-31. L3 Q) Spectra UWith Five-Pole Filter (f * 1363 Mz~)
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Figure A-32. L3 (P) Spectra With Five-Pole Filter (f. - 1353.6 MHz)
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Fisure A-33. L3 (P) Spectra Vith Five-Pole Filter (f. 1345.5 MHz)
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-80
1290 Frequency (MHz) 1390
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Figure A-34. L3 (P) Spectra With Five-Pole Filter (fo 1339,2 MHz). (

Table A-8. Tunable Filter Test Summary (Function of Filter Center Frequency)

Tracking
Sensitivity

Configuration Second Lobe Attenuation Measured Loss
(MHz) (dB) (dBm) (dB)

No filter 0 -136.0 0

fo = 1381.05 0 -135.2 0.8

fo - 1363.0 12 -135.0 1.0

fo - 1353.6 20 -134.5 1.5

fo - 1345.5* 25 -133.8 2.2

fo = 1339.5 32 -130.5 5.5

*1345.5 MHz is acceptable
| _ _.. . ..... 0_
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Figure A-35. Tunable Filter Performance
Summary (Function of Filter Center Frequency)

reduction in the 142 7-Mz band is more than adequate using the integrated band

level as a reference but is still 7 dB short from the worst-case 32-dB level.

Proposed NDS 6 RAS Filter

Following these analyses the decision was made to pursue a band reject
filter as the best overall approach. This filter would be for the 1427-m~z band
only and would be installed between the L3 transmitters and the triplexer. The
selection of the band reject filter over the offset bandpass filter was based on
several factors. First, a band reject design is less susceptible to
multipacting, which is a major consideration in L-band filter design. Second, a
band reject filter provides greater 1427-MHz band protection with less impact on
L3 performance (insertion and correlation loss). And third, a reasonably small,
"low weight unit can be built based on an existing space-qualified design that
has performed flawlessly on ATS 6 for more than four years on orbit. The
specifications for the unit (Table A-9) are similar to the theoretical unit
previously discussed and should have the characteristics shown in Figure A-36.
This is a computed curve synthesized with series resonant cavities spaced at 1/4
intervals on a transmission line. The cavities had the qualities listed in
Table A-10 beginning at the input end.
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Table A-9. Radio Astronouý Eight-Pole Band Reject Filter Characteristics

Power Handling Capability 25 Watts (Continuous rms Power)

Passband 1360-1390 MHz
Insertion loss at 1381 1Hz <0.7 dB
Insertion loss at 1390 tH <Z2.0 dB

Impedance 50 ohms

VSWR <1.2:1

Operating life 5 years, 7 years design goal

Group delay at 1381 MHz ± ns over operating temperature range

Weight 2 pounds

Size 2 x 3 x 7 inches

Connector type TNC

Space-qualified unit

Applicable MIL-STD MIL-STD-1540A
MIL-STD-1541A (USAF)

Acceptance test temperature range -100 to +610 C

Quality test temperature range -200 to +710 C

50 " - -.... .. .-

50

0 L L

1350 1400 14so

Frequency (MHz)

tC

Figure A-36. Proposed Radio Astronomy Filter Attenuation~ Characteristic
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Table A-1O. Characteristics of Series-Resonant Cavities
(Eight-Pole Band Reject Filter)

I Normalized

n fn Qn Conductance at fn

,* 1401.00 450 4

2 1401.00 450 4

3 1407.00 350 5

4 1407.00 350 6

5 1417.05 350 5

6 1417.05 350 5

7 1427.05 350 4

8** 1428.05 350 5

*Input cavity
**Output cavity

RADIO ASTRONOMY SUMMARY AND CONCLUSIONS

Harmful interference power flux density values from Tables A-2 and A-3 do
exist in the theoretical spectra plots corresponding to Ll (P, C/A) and L3 (P)
modulation code conditions. It is evident that continuous transmission of
the L3 spectrum would be of most concern since it does exceed the desired level
for the 1400- to 1427-MHz worldwide radio astronomy allocation continuum by as
much as 32 dB on a worst-case basis (Figure A-22). Considerable improvement in
the potential L3 interference levels can be obtained by considering the L3 duty
cycle to radio astronomy integration time or using the integrated or average
value of spectra energy over a band rather than peak levels or both (Figure A-
10). Because of these factors, an in-line L3 notch filter with a nominal 27-dB
attenuation would be sufficient to fully protect the band.

In the normal mode, the L3 t-ansmitter operates only when it detects an
event and then only long enough (normally much less than one minute) to get the
data to the ground. Random triggers from cosmic particles and very powerful
lightning strokes can trigger the system; however, operational transmissions
will be quite infrequent. A test/calibrate mode will also be used approximately
weekly once the system is established. Considering both modes there should be
less than five minutes of traasmission per day per satellite. Therefore, even
without a radio astronomy filter, the infrequent, low-power transmissions of IL3
are not expected to affect radio astronomers, who integrate signals over long
periods, which is the basis for the developmental frequency approval.
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The 1. spectrum has much less impact on the worldwide radio astronomy band
of 1664.4- to 1668.4-MHz, as shown in Figure A-20. However, reduction in
interference levels based on duty cycle is not possible since LI is transmitted
continuously.

GPS L1 transmission can be forecasted over the earth's surface and radio
astronomy measurements appropriately eliminated or judged separately at 1665 MEz
during interference periods. Announcements to the radio astronomy community
concerning schedule and test periods with space vehicle coordinates could
alleviate this potential interference.

One approach to reducing both the L1 and L3 interference is to use filters
in the transmit lines to limit spectra to the desired levels. Band reject
filters would ;esult in an insertion loss at 1l and L3 of 0.1 and 0.8 dB,
respectively. Another method of reducing spectral energy to the desired level
is to modify the existing three-pole bandpass filter in the L3 triplexer arm.
Replacing the three-pole bandpass filter with a five-pole design and lowering
the center frequency to approximately 1365 MHz should achieve the results as
shown in the computer plot in Figure A-26. The additional insertion loss,
compared to the three-pole design, is approximately 0.5 dB, for a total loss of
approximately 1.2 dB.
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